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This PhD thesis provides an extensive description of the development of 
two fibre optic pressure sensors for applications in health care: (i) a 
miniature fibre optic Fabry–Perot pressure sensor for fluid pressure 
measurements in invasive blood pressure monitoring and; (ii) a highly 
sensitive fibre Bragg grating sensor for contact/interface pressure 
measurement. 
The fibre optic Fabry-Perot pressure sensor has a diameter of 125 µm 
and is created by forming a cavity at the tip of a single-mode optical 
fibre. Parylene films were used as the pressure-sensitive diaphragm. 
The performance of three sensors with different aspect ratios has been 
investigated. The pressure sensing range of ~10 kPa (diastolic 
pressure)- ~15 kPa (systolic pressure) was targeted; sensor with the 
cavity of 70 µm in diameter and cavity length of 87 µm is able to sense 
within a range of 0- 18 kPa with an average sensitivity of 0.12 nm/kPa 
and response time of 3 seconds. The temperature sensitivity of 0.084 
nm/°C was observed. Hysteresis and wavelength drift were observed 
for the sensors, which may be due to the permeability of the Parylene 
film to the air. Solutions for reducing hysteresis, wavelength drift and 
temperature cross-sensitivity are discussed in detail. 
Fibre Bragg grating (FBG) sensor technology is an ideal candidate for 
contact pressure measurement in compression therapy, pressure ulcer 
or prosthetics due to its many advantages such as conforming to body 
parts, small size, biocompatibility and multiplexing capabilities. A 
successful mathematical model for an FBG contact pressure sensor for 
healthcare applications has been presented and experimentally 
validated. The model has been compared with previous studies reported 
in the literature and takes into account birefringence. The highest 
sensitivity was achieved for the disc shape with a sensitivity of 0.8719 
nm/MPa for a diameter of 5.5 mm, thickness of 1 mm and Young’s 





centrally located in the patch. This is a pressure sensitivity of ~270 times 
increase when compared with a bare FBG reported in the 
literature. Birefringence effect was observed for the disk patch for 
pressures larger than 2.6 MPa. 
Even though FBGs provide high sensitivity in contact pressure sensing 
in healthcare, the potential applications are limited by the size and cost 
of commercially available FBG interrogators. A successful first attempt 
towards the development of a single channel compact FBG interrogation 
was accomplished.  The system consists of a three-section distributed 
Bragg Reflector (DBR) tuneable laser, microcontroller unit, precision 5 
channel current driver IC, photodiode circuit and a temperature 
controller IC. The tuneable laser was calibrated within 1535-1544 nm 
wavelength range to produce three current–wavelength lookup tables 
for wavelength resolution of 1 nm, 0.1 nm, 0.01 nm which is dependent 
on the current resolution.  Future work includes adding power circuitry, 
a photodiode circuit and a feedback circuit to minimize power 
fluctuations.  The system was tested compared to the commercial 
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Fibre Optical Pressure Sensors, Overview and Thesis Outline 
 
1.1 Introduction to fibre optical pressure sensors 
The history of optical fibre sensors dates back to the mid-1960, where the first 
photonic sensor for measuring displacement based on a bifurcated fibre bundle 
was patented [1]. One half of the bundle was used to illuminate a surface and 
the other half of the bundle was used to collect the reflected light from the 
surface. Since then, optical fibre sensor technology has evolved and become 
established over a half a century. Over that period, fibre optic sensing (FOS) has 
progressed in its ability for the measurement of a wide range of measurands 
including strain, pressure, temperature, vibration, chemicals, viscosity, 
acceleration, rotation, magnetic field, light level, radiation, and hence 
established itself in applications including healthcare, structural health 
monitoring, aerospace, smart textiles, environmental, chemical sensing, 
military, inertial navigation systems, industrial systems and many more. 
This thesis focuses on the biomedical applications of FOS and therefore the 
discussion on applications and sensor performance will be limited to the 
biomedical applications of FOS.  Recent developments in the biomedical field 
have been driven by healthcare trends such as minimally invasive surgery, 
miniaturization of the medical devices, automation and the use of robotics in 
surgery and medical procedures [2], wearable sensors and smart textiles [3]. 
As a result, there is a huge demand for biocompatible sensors based on FOS 
technology. Due to their unique properties and characteristics such as 
immunity to electromagnetic interference, light weight and bio compatibility, 
FOS have made remarkable progress and more importantly can be used 
simultaneously with technologies such as Magnetic Resonance Imaging [4], and 





A sensor is a device that can measure biological, chemical and physical 
parameters safely and reliably [6]. For example, a  sensor can tell if the fetus in 
the womb is healthy [7], measure blood pressure or glucose levels [8], check 
the level of healing of a wound [9] or measure temperature of the body [10] 
providing many advantages over other commercial bio sensing technologies. 
FOS are immune to electrical noise [11]. The light weight, flexible nature, along 
with the small diameter, allows them to be used for most of the invasive and 
in vivo medical applications, for example in catheters or endoscopic tools [12]. 
Typically the diameter of a single mode optical fibre is 125 µm. Nevertheless 
with the necessary fibre protections such as fibre jackets and polyacrylate 
coating, the diameter would be 250 µm. Generally, OFS are made from silica 
glass (SiO2), fused silica or fused quartz. SiO2 is an inert compound which is very 
stable and thus unreactive with most of the substances [13] except hydrofluoric 
acid and some alkaline materials [14],[15]. Hence OFS sensors are 
biocompatible and non-toxic which make them an ideal candidate for the 
biomedical sensors to be used for minimally invasive surgeries or therapies. 
They also can be sterilised with the standard sterilisation procedures [5]. A 
futher major advantage of OFS is that they are thin and flexible.  Consequently, 
they are easier to adhere to bones and biological tissues and therefore OFS 
sensors have been developed to measure the deformation of bones due to 
strain [16]. Additionally FOS provide the ability to measure multiple parameters 
simultaneously using one single optical fibre [17],[18]. This is very 
advantageous in bio medical sensing as this will give multiple information using 
one single sensor. 
1.2 Aims and Objectives 
This thesis discusses extensively the development of two fibre optic pressure 
sensing technologies for application in healthcare. Fabry- Perot interferometric 
fibre optic pressure sensors and fibre Bragg grating pressure sensors were 
studied. The aim of the research can be broadly divided into three major 





1. Development of a miniature fibre optic Fabry-Perot interferometric 
pressure sensor for minimally invasive medical applications.  
2. Mathematical modelling of the Fibre Bragg Grating (FBG) pressure 
sensor response for an FBG embedded in a polymer patch with the aim 
to optimising the design parameters (Young’s modulus, size , shape) to 
enhance the sensitivity for contact pressure measurement applications 
in health care.  
3. Design and development of a miniature FBG interrogator.  
  
1.3 Motivation and Novelty 
This  thesis includes mainly three major pieces of research  as described in 
section 1.2.  The significance and novelty of each  is described below. 
1.3.1 Development of a miniature fibre optic Fabry-Perot pressure 
sensor  
Pressure is an  important parameter that should be measured  accurately and 
precisely, in many different healthcare situations [19]–[22]. The human and 
animal organism is composed of a complex combination of bones, joints and 
muscles. Each part of the body experiences different pressure ranges in its 
normal physiological state. Clausen and Glott [23] suggest dividing the 
pressures in the body into three domains, namely, lower pressure domain 
(capillary, brain, urinary, bladder and muscular compartments), medium 
pressure domain (circulatory system including heart) and high pressure domain 
(load bearing structures like hips and knees). The pressure range can vary 
depending on the physiological state or the condition of the body. Variable 
ranges of pressure in the body cavities for normal and abnormal physiological 
conditions are detailed in  reference [24]. The sensor developed in this work 
has the ability to cover a maximum pressure range of 0-80 kPa. Therefore it is  
suitable for the targeted application disussed in chapter 2, table 2.1. For 
example, left ventricular pressure usually lies within a range of 0- 13 kPa, but 





and the maximum limit can reach up to 40 kPa. Deviation of pressure from its 
normal range can cause body injuries or even death in  critical situations. For 
example, raised blood pressure is the major cause of death in the world, being 
responsible for 60% of strokes and 50% of coronary heart disease [25]. Low 
blood pressure can also cause serious problems. A study shows that when the 
mean arterial blood pressure is lower than 7.33 kPa (55 mmHg), even for a 
short time, it can cause acute kidney injury and myocardial injury [26]. Regular 
measurement of blood pressure levels accurately and precisely can prevent 
such situations. Accuracy in terms of sensor requirement often depends on the 
area of interest. In case of blood pressure monitoring for every 2.6 kPa increase 
in systolic pressure or 1.3kPa increase in diastolic pressure the mortality from 
ischemic heart disease or heart stroke doubles[27]. For this application, an 
accuracy of the pressure sensor of 0.5 kPa would be required. However, 
according to the American National Standard Institute, pressure transducers 
should hold accuracy of ±0.1kPa in the range of -4kPa -6.7kPa and ±0.4kPa in 
the range of 6.7kPa-40kPa [28]. Blood pressure measurment using the non-
invasive oscillometric method is an old and common technique using a 
sphygmomanometer cuff with an electronic pressure transducer [29]. Although 
modern arm non-invasive blood pressure (BP) devices provide accurate and 
precise measurement of mean BP these devices are not reliable in acute 
conditions and may not provide reliable information about cardiac functions 
[30]–[32]. Pulmonary artery cauterization (PAC) is a well-known invasive 
method and is viewed as being the  gold standard despite limitations such as 
ruptures in the pulmonary artery caused by the insertion of catheter and 
catheter related complications such as sepsis [33]. The minimally invasive 
methods of blood pressure monitoring, such as arterial cannulation provide 
accurate measurements when compared with the cuff method and are 
advantageous in conditions like severe hypotension and severe trauma [34].  It 
has been shown that invasive methods provide more accurate blood pressure 
monitoring when compared with non-invasive methods, especially in acute and 
critical care settings [32]. Kizilova showed that many commercially available 





(Association for the Advancement of Medical Instrumentation) standards, 
especially for patients with cardiovascular disease, obesity  and faint pulse [35]. 
Therefore, invasive techniques for pressure measurement in healthcare play a 
more important role in critical conditions, providing the facility for accurate and 
continuous measurements. When it comes to the minimally invasive 
techniques, optical fibre pressure sensors have become increasingly popular 
and are widely researched for medical applications. There are various pressure 
sensors used in healthcare, such as Micro Electro Mechanical Systems (MEMS) 
[36] and arterial catheters connected to external transducers [37][38][39]. The 
most common intra-arterial measuring system consists of a fluid column 
directly connecting the arterial system to the pressure transducer [40].  The 
pressure waveform of the arterial pulse is transmitted via the column of fluid 
to the pressure transducer where it is converted into an electrical signal. 
However, fluid filled systems suffer from a number of drawbacks, includes 
damping of the signal, which is the reduction of the amplitude of the oscillation 
due to the friction in the fluid pathway. Other factors that impact on the 
performance include formation of bubbles and clots and kinks in the cannula 
or tubing [40]. However, fibre optic in situ measurement sensors could be the 
solution to most of these issues and replace fluid filled invasive pressure 
measurement systems [41]. Early development of FOS pressure sensors for 
pressure measurement in healthcare is described in the work [42]–[44]. These 
works are based on single fibre oriented to a distal reflective mirror and based 
on two or more fibre optic systems. In this research, one of the objectives is to 
design and develop a miniature fibre optic Fabry-Perot tip pressure sensor for 
minimally invasive medical applications. Parylene self-supporting films were 
used for the first time to create the pressure sensitive OFS.  The maximum 
diameter of the sensor will be 250 µm including fibre protection jacket and 
biocompatiable coatings discussed in chapter 3.  The proposed sensor will be 
made with all biocompatible material and hence has great potential for 
application as an implantable pressure sensor in acute and critical conditions, 
where non-invasive techniques are less suitable. The key advantage of the 





reproducibility.  The development of the sensor, results and future potential 
are thoroughly described in chapter 3. 
1.3.2 Development of a mathematical model for a highly sensitive 
FBG pressure sensor embedded in a polymer patch 
Accurate contact pressure measurement is very important in avoiding pressure 
injuries caused by being in prolonged contact with mattresses, wheelchairs and 
prostheses, or through using devices such in dwelling catheters. In the UK, the 
average daily costs of treating a pressure ulcer are estimated to range from £43 
to £374 and the mean healing cost per patient ranges from £1,214 to £14,108, 
depending on the ulcer category [45].  The monitoring of contact pressure can 
help avoid tissue injury by alerting clinicians when it is too high or when there 
has been prolonged contact. 
Another healthcare challenge where contact pressure measurement is 
important is in compression bandaging where it is necessary to obtain and 
maintain a desired sub bandage pressure during its application and wear. 
Venous leg ulcers (VLU) are a major cause of morbidity and affect up to 3% of 
the adult population in the United States and Europe [46].  A study has shown 
that 87% of VLU patients are prescribed a recognised compression bandage 
treatment and 52% of them were healed [47]. The mainstay of treatment for 
established venous insufficiency includes the use of compression to apply 
external pressure to the lower extremities with the aim of improving venous 
function [48]. Compression therapy is a very important treatment for certain 
medical conditions such as chronic wounds, lymphedema, and venous leg 
ulcers. Accurate contact pressure measurement is very important in 
compression therapy in order to prevent either the inefficiency of the 
treatment by not applying a sufficient pressure level or any potential tissue 
damage by applying pressure over the desirable limits [49], [50].  
Fibre optic Bragg sensors are an ideal candidate for this application as they 
satisfy most of the characteristics for an ideal sensor for interface pressure 





include easy to wear during contact pressure measurements  and a conformity 
to the limb during the application.  
A potential highly sensitive FBG contact pressure sensor has been proposed 
based on the design by Correia R et al. [52], [53].  Although bare FBGs are 
sensitive to strain and temperature they are less sensitive to pressure [52], 
[53]. The sensitivity could be increased by embedding the FBG embedded in a 
polymer patch. The polymer patch improves the sensitivity of the pressure 
sensor by transferring the transverse pressure loading into axial strain. 
However, the sensitivity of the FBG sensor is heavily dependent on the shape, 
size and the material stiffness of the polymer patch. Therefore, an accurate 
simulation of the sensor is important to this optimise performance.  
Although there are some reports of numerical simulation of FBGs using 
integrating finite element analysis and the transfer matrix method [54]–[56], 
the use of these techniques is limited by the fact that they are only developed 
for a particular application and the simulation code is not provided. Moreover, 
these models do not account for the non-uniform behaviour of the FBG grating 
due to the transverse stresses.  Therefore, the necessity for a novel 
mathematical model for the sensor arises.  A mathematical model based on 
finite element analysis and transfer matrix theory was developed to take into 
account the non uniform behaviour of a FBG due to the transverse stresses and 
the baseline theory is explained in chapter 2 in detail.  The finite element 
analysis, simulation methodology, experimental validation and the concluded 
optimised parameters for highest sensitivity are extensively discussed in 
chapter 4. 
1.3.3 Development of a miniature FBG interrogator for the FBG 
pressure sensor for contact pressure measurement in healthcare 
Although there are many advantages of FBG sensors for use in healthcare 
applications, their use is limited by the size and the cost of the FBG techniques 
available commercially. The average cost of a commercially available FBG 





bandage pressure measurement as described in section 1.3.2, the size of the 
FBG interrogator is important as it should be light-weight and wearable. Hence 
the main objective of this part of the research was to develop a novel miniature 
FBG interrogator system for the use of FBG sensors in contact pressure 
measurement in healthcare. Early work related to the FBG interrogators using 
tunable lasers reported in [57], [58]. This miniature system is based on a three 
section tunable laser due to the availability of the device and its advantages, 
including the orders of magnitude improvement in the output power, as well 
as reduction in the laser linewidth and hence higher resolution it offers 
compared to the other techniques such as interferometers, edge filters and 
tunable filters (chapter 5, section 5.2). The underlying theory, development 
method, results and future potential are discussed in chapter 5.  The 
development method is unique and consists of a LabVIEW software user 
interface for constant control and for plotting the results. A small and precise 
current controlling chip used first time in with a microcontroller to make the 
system compact. The size of the 5 channel current controlling IC  is 5mmx5mm. 
The system comprises a micro-controller unit for controlling the injection 
current to the tuneable laser during wavelength scanning and to detect the 
response from the FBG sensor. A high efficiency thermoelectric cooler (TEC) 
controller chip is used as the temperature controlling unit. The size of the PCB 
design in the current design is 8cmx 6cm. The small sizes of the ICs used in the 
design miniaturize the system immensely when compared with the 
commercially available interrogators using the same tuneable laser technique 
such as Smartscan by Smart Fibers.   
1.4 Structure of the Thesis 
This thesis comprises 6 Chapters.   
Chapter 1 introduces the optical fibre pressure sensing technology, the thesis 
aim and objectives along with the novelty of the research work followed by a 





Chapter 2 includes an extensive literature review related to fibre optic Fabry-
Perot pressure sensing technology and FBG pressure sensing technology, 
including the approaches detailed in the literature and commercially available 
instruments.  Proposed research methods are introduced with the explanation 
of relevant background theory.  
Chapter 3 describes the research work related to the development of the 
miniature fibre optic pressure sensor. Research methods, results and 
conclusions are discussed in detail, along with a discussion of the future 
potential. 
Chapter 4 explains the mathematical modelling of an FBG embedded in a 
polymer patch layer. A detailed explanation of the mathematical modelling 
methods and experimental validation is presented. The optimisation of the 
parameters of the patch sensor is presented. 
Chapter 5 describes the theoretical background and produces review of the 
currently available FBG interrogation techniques. This is followed by a 
description of the proposed design, software and hardware development and 
its future potential.  

















Background information and Literature Review 
2.1 Introduction 
This chapter includes the necessary background information, the underlying 
theory related to the presented research and a literature review. Section 2.2 
discusses the working principles of optical fibres by explaining the underlying 
theoretical concepts of wave-guiding in optical fibres. This is followed by 
section 2.3 which describes fibre optic interferometry. In section 2.4 fluid 
pressure measurement in healthcare using FP interferometry is discussed by 
describing the background information. Section 2.5 is focused on explaining the 
background information and underlying theory of FBG pressure sensors. This 
section also details the motivation behind the FBG mathematical modelling.  
2.2 Working principles of optical fibres 
The basic structure of an optical fibre is shown in figure 2.1. Conventional fibre 
optic cable consists of a core which is glass/plastic of uniform refractive index, 
and a cladding, which is glass/plastic of slightly lower refractive index than the 
core. The optical fibre has  a jacket that protects it from mechanical and 
environmental influence. The diameters of the core, cladding and the jacket 
can vary widely. For example, most commonly, single mode optical fibre is 
composed of a core of 9 µm diameter, cladding of 125 µm diameter and jacket 
with 250 µm diameter.  
 





Light propagation along an optical fibre can be described using two theories. 
Ray theory gives a clear physical picture of the light propagation along the fibre 
and uses a geometrical approach. The other technique is called mode theory, 
which uses electromagnetic concepts in explaining the light propagation along 
the fibre.  
2.2.1 Ray optic concepts 
Figure 2.2. Illustrates the propagation of light rays inside an optical fibre. The 
propagation of light along the optical fibre can be explained using total internal 
reflection. When a light ray travels from a high refractive index medium to a 
low refractive index medium, the light ray refracts away from the normal at the 
interface between two media. That is, the angle of refraction is greater than 
the angle of incidence. As the angle of incidence becomes higher than an angle 
called ‘critical angle’ the light will be totally internally reflected. At the critical 
angle the ray is travelling at an angle of refraction of  
𝜋
2
 .  
According to this when a light ray is launched into an optical fibre at an angle 
which is greater than the critical angle at the core-cladding interface, the ray 
will undergo total internal reflection. This is because the refractive index of the 
core is higher than the refractive index of the cladding. The ray would undergo 
multiple total internal reflections and get trapped within the optical fibre 
before it leaves the optical fibre through the other end.  
 
Figure 2.2: Propagation of rays in an optical fibre [59] 
Applying the Snell’s law at the core-cladding interface at the critical angle 𝜃𝑐 ,     
𝑛1 sin 𝜃𝑐 = 𝑛2 sin
𝜋
2









)                                              2.1 
 
The rays entering the fibre at an angle less than the critical angle will be 
refracted out of the core and will be lost in the cladding. By applying Snell’s law 
to the air-fibre interface one can determine the maximum angle of entrance 
(𝜃0 ) which satisfies the above conditions for total internal reflection. This 
maximum angle is called the ‘acceptance angle (𝜃𝐴)’.  Therefore due to the 
cylindrical symmetry 𝜃𝐴 forms an acceptance cone. The numerical aperture 
(NA) of a fibre can be given as [59]. 
𝑁𝐴 =  𝑛 𝑠𝑖𝑛 𝜃𝐴 = 𝑛1 𝑠𝑖𝑛 𝜃𝑐 =  √𝑛1
2 − 𝑛2
2                  2.2 
The NA is a very important parameter of an optical fibre, which indicates the 
light gathering ability of a fibre.  
2.2.2 Modal theory concepts 
Light is an electromagnetic wave and can be mathematically interpreted using 
Maxwell’s equations. The four Maxwell equations for an electromagnetic wave 
travelling in an optical fibre can be given as follows [60].  
𝛻 × ?⃑? =  −
𝜕𝐵⃑⃑⃑⃑  ⃑
𝜕𝑡
                                       2.3 
𝛻 × ?⃑? = 𝜇𝐽 +  𝜇
𝜕𝐸⃑⃑⃑⃑  ⃑
𝜕𝑡
= 𝜇  
𝜕𝐸⃑⃑⃑⃑  ⃑
𝜕𝑡
                                             2.4 
𝛻. ?⃑? =  
𝜌
= 0                                               2.5 
𝛻. ?⃑? =  0                                                      2.6 
Where ?⃑?  is the electric field, ?⃑?  is the magnetic field, 𝜌 is the charge density, 𝐽  
is the current density,  is the electric permittivity and 𝜇 is the permeability of 
the medium.  Since there are no free electric carriers or currents in an optical 
fibre 𝜌 = 0 and 𝐽 = 0. The electric field can be related to the electric flux 
density (?⃑? ) as in equation 2.7 and the magnetic field can be related to the 
magnetic flux density (?⃑? )  as in equation 2.8 [61].  





?⃑? =  𝜇𝐻⃑⃑⃑⃑  ⃑                                                  2.8 
The electromagnetic wave equation describes the propagation of light within 
an optical fibre.  The wave equation is derived by taking the curl of equations 
2.3 and 2.4 and using relevant mathematical identities. It can be written as. 
𝛻 × (𝛻 × ?⃑? ) = 𝛻 ∙ (𝛻 ∙  ?⃑? ) −  𝛻2?⃑?  = −
𝜕(𝛻×?⃑? )
𝜕𝑡
         2.9 
Substituting equations 2.4 and 2.5 in equation 2.9, the wave equation can be 
obtained 
𝛻2?⃑? −  𝜇  
𝜕2?⃑? 
𝜕𝑡2
= 0                                      2.10 
The magnetic field can also be derived using the same methods and can be 
given  
𝛻2?⃑? −  𝜇  
𝜕2?⃑? 
𝜕𝑡2




= 𝑖𝜔, equations  2.10 and 2.11 can be re-written as in equations 2.12 
and 2.13 [62],   
𝛻2?⃑? + 𝑘2?⃑? = 0                           2.12 
𝛻2?⃑? +  𝑘2?⃑? = 0                                          2.13 
 
Where k = ω √με =  
𝜔2
𝑐2
𝑛2 =  𝑘0
2𝑛2 is the wave number, n is the refractive 










In order to understand the wave propagation in optical fibres which are axially 
symmetric, it is worth writing the wave equations using cylindrical coordinates 
(r,𝜙, 𝑧) to find the appropriate solutions.  
The axis of wave propagation can be considered as the z direction and hence 
















=  𝜇   
𝜕2?⃑? 
𝜕𝑡2





This is true for the magnetic field as well. The following facts are true for both 
the electric and magnetic fields and, for simplicity, only the electric field is 
considered. 
 E𝑧⃑⃑⃑⃑  can be regarded as the longitudinal component (along the axis of the 
fibre/wave propagation) of E⃑ (𝑟,𝜙,𝑧,𝑡)  and E𝑟⃑⃑⃑⃑  and E𝜙⃑⃑⃑⃑  ⃑ are dependent on E𝑧⃑⃑⃑⃑ . 
These are called transverse components and can be related to the longitudinal 
component as follows [64] . 












}                                          2.15 






−  𝜇𝜔 
𝜕𝐻𝑧
𝜕𝑟
}                                          2.16 
Where 𝑞2 = 𝜔2𝜇 − 𝛽2 (𝛽 is the propagation constant along the axis of the 
fibre). The wave equation of the optical fibre can be written as  





𝜕𝐸𝑧⃑⃑ ⃑⃑  





𝜕2𝐸𝑧⃑⃑ ⃑⃑  
⃑⃑ ⃑⃑  
𝜕∅2
+
𝜕2𝐸𝑧⃑⃑ ⃑⃑  
⃑⃑ ⃑⃑  
𝜕𝑧2
=  𝜇   
𝜕2𝐸𝑧⃑⃑ ⃑⃑  
⃑⃑ ⃑⃑  
𝜕𝑡2
                     2.17 
 
Applying the separation of variables method, the solutions of equation 2.17 can 
be found. After applying boundary conditions this can be presented as two 
Bessel function solutions. 
For the core, 
𝐸𝑧1 = 𝐴 𝐽𝑣  (𝜅𝑟)𝑒
𝑖𝑣∅ 𝑒−𝑖𝛽𝑧                                             2.18 
𝐻𝑧1 = 𝐵 𝐽𝑣 (𝜅𝑟)𝑒
𝑖𝑣∅ 𝑒−𝑖𝛽𝑧                                             2.19 
Where 𝜅2 =  (𝑛𝑐𝑜𝑟𝑒𝑘0)
2 − 𝛽2 and  𝑣 = 0,1,2…  𝐽𝑣  represents the Bessel 
functions of first kind and order 𝑣,  𝐴 and 𝐵 are arbitrary constants. 
For the cladding, 
𝐸𝑧2 =  𝐶𝐾𝑣(𝛾𝑟)𝑒
𝑖𝑣∅ 𝑒−𝑖𝛽𝑧                                            2.20 
𝐻𝑧2 =  𝐷𝐾𝑣 (𝛾𝑟)𝑒





Where −𝛾2 =  (𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔𝑘0)
2 − 𝛽2 and  𝑣 = 0,1,2…  𝐾𝑣 represents the 
modified Bessel function of second kind and order 𝑣,  𝐶 and 𝐷 are arbitrary 
constants.  
 
Figure 2.3: The first three Bessel functions of first kind (𝐽𝑣) and second kind (𝐾𝑣) 
[65]  
The tangential components, equations 2.15 and 2.16, can be obtained using 
the equations 2.20 and 2.21 by applying the boundary conditions at core and 
cladding interface for continuity ( E∅1⃑⃑ ⃑⃑ ⃑⃑  =  E∅2⃑⃑ ⃑⃑ ⃑⃑   , H∅1⃑⃑⃑⃑ ⃑⃑  ⃑ =  H∅2⃑⃑⃑⃑ ⃑⃑  ⃑, E𝑟1⃑⃑⃑⃑⃑⃑  =  E𝑟2⃑⃑⃑⃑⃑⃑    , H𝑟1⃑⃑ ⃑⃑ ⃑⃑  =
 H𝑟2⃑⃑ ⃑⃑ ⃑⃑  ). Hence the characteristic equation of optical fibre can be deduced to be 



























The V number of an optical fibre can be defined as 
𝑉2 = (𝜅𝑎)2 + (𝛾𝑎)2                                                                                                                                        2.23 
 Where  𝑉 =  𝑘0𝑎 √𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔2  = 
2𝜋
𝜆
 . 𝑎 .√𝑛𝑐𝑜𝑟𝑒2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔2                                   2.24 
The solutions to the characteristic equation for a mode show that 
corresponding to each solution there exists a mode that can propagate along 
the optical fibre. However, the cut-off frequency of the mode determines its  
ability to propgate along the fibre. Only if the frequency of a certain mode is 
higher than the cut-off frequency, can the corresponding mode propagate 
within the fibre. Cut-off frequency is proportional to the V number (equation 





2.2.3 Fibre modes 
According to equation 2.22 a mode can be characterised by the value of 𝑣. 
When 𝑣 = 0  one term of equation 2.22 should be equal to zero.  This will result 
in two different types of modes.  TE0m modes where Ez = 0, or TM0m modes 
where Hz = 0 and m is a non-zero integer.  These TE/TM modes do not have ∅ 
dependence and hence the field is symetrical about the axis of the optical fibre 
[64].  
 
Figure 2.4:TM01 mode representation [66] 
When  𝑣 ≠ 0 , the modes have both Ez ≠ 0 and Hz ≠ 0 and are called hybrid 
modes. Hybrid modes can be either 𝐸𝐻𝑣𝑚 or 𝐻𝐸𝑣𝑚 depending on what 
component is dominant.   
Realistically, in a step-index fibre the core refractive index is very similar to 
cladding refractive index. The difference is of the order of 10-3 [67] and hence 
the refractive indices can be considered to be equal using weakly guide 
approximations. This simplifies the characteristic equations and is used to 






Figure 2.5: Number of possible modes in a step index fibre as a function of 
normalised radius of the core [66] 
 
As it was mentioned earlier, the V number determines the mode propagation 
characteristics and cut-off frequency. The lowest order mode that can 
propagate in an optical fibre is the HE11 mode which is the linear polarised 
mode LP01 as shown in figure 2.5.  
In single mode fibres, the V number is lower than 2.4, and hence only the 
lowest mode HE11 can propagate. Multimode fibres have a V number higher 
than 2.4 and can excite multiple modes. According to equation 2.23 to satisfy 
the single mode requirement, (
𝑎
𝜆
)  ≈ 4 . For example, for the communication 
window at 1550 nm, the core radius should be at least 6 m. Hence, the core 






Figure 2.6: Intensity distribution of linearly polarised modes of optical fibre [68] 
 
Figure 2.6 shows a typical example of the intensity distribution of the linearly 
polarised modes of an optical fibre. One thing that should be noted is for the 
HE11 / LP01 mode, most of the optical power is confined in the core of the fibre 
and less power in the cladding. This is one advantage of single mode optical 
fibres when compared with multimode fibres. Since a single mode optical fibre 
carries only one mode that is confined very well in the fibre, the mode suffers 
less dispersion, and can be propagated over longer distances for 
communication without attenuation.  
2.2.4 Birefringence of optical fibres 
Linearly polarised modes were derived by making two assumptions: the weakly 
guided approximation and the circular symmetry of the modes. However, when 
the radial symmetry of an optical fibre is broken, this may lead to an anisotropic 
distribution of the refractive index in the fibre. This will introduce birefringence 
characteristics to the optical fibre.  In a single mode fibre, the HE11 mode 
consists of two orthogonally polarised modes. If the fibre is circular symmetric, 
the two modes will propagate at the same speed. However if the fibre is not 
circular symmetric, these two modes will propagate at slightly different speeds. 





that are slightly delayed with respect to each other [69]. This phenomena is 
called the birefringence of the optical fibre.  
This asymmetry may result from either intrinsic birefringence or induced 
birefringence. Intrinsic birefringence may be introduced during the 
manufacturing process and is a permanent feature of the fibre. This can be a 
noncircular core giving rise to geometrical birefringence, or a circular core with 
a non-symmetrical stress field in the fibre cross section, creating stress 
birefringence. Examples are bow-tie Hi-Bi fibres and PANDA Hi-Bi fibres [70].  
Induced/extrinsic birefringence is produced when a fibre undergoes elastic 
stresses resulting from external forces such as hydrostatic pressure, 
longitudinal strain as a result of transverse loading on the fibre, squeezing, 
twisting or bending etc. This is further described in section 2.5 with respect to 
the related work. 
2.3 Fibre optic interferometry 
In this section of the thesis the background related to Fabry-Perot 
interferometry is discussed.  
Generally, optical interferometry techniques use the interference of two or 
multiple light beams from the same light source, or the propagation of light 
through space or dielectric media such as glass waveguides with different 
optical paths. As a result the light intensity varies periodically as a function of 
the optical path difference between the beams [71]. This wavelength-
dependent intensity modulation is caused by the optical phase difference 
between beams of interference. These periodic changes in the intensity are 
often called the interference pattern or interference fringes. The wavelength 
changes in the optical path difference on the scale of the output from the light 
source can introduce a measurable change in the interference pattern [72]. 
When the interference beam is in phase, maxima are formed and when they 
are out of phase minima are formed in the interference pattern.  To setup a 





source should be a coherent source that produces identical waves with a 
constant phase difference and waves should be monochromatic.  
With the development of fibre optic technology, optical interferometry was 
greatly advanced from the classical bulk optics [73]. Fibre optic interferometry 
has been exploited in many applications such as temperature [74], pressure, 
strain [75] and acoustic measurements [76].  Figure 2.7 shows four main 
configurations of fibre optic interferometric techniques.  
The coherence length of narrow bandwidth light sources like lasers are greater 
than the optical path difference of the interferometer. Because of the periodic 
nature of the interference fringe pattern, the measurement due to the optical 
path length difference, may suffer from 2π phase ambiguity  [77]. Hence, light 
sources with narrow line bandwidth do not produce absolute data. Resolving 
this issue will add extra complexity to the system. This can be resolved by 
employing light sources with short coherence length like tungsten light sources. 
In wide bandwidth interferometers, the fringes are narrowly located in the zero 
path length difference region [78]. Therefore, the phase can be determined 
without ambiguity by measuring the fringe peak.  
The fibre optic Mach Zehnder interferometer uses two fibre optical paths one 
connected with the sensor, and the other standing as the reference, Figure 
2.7(a). The light in the reference arm and the sample arm are directed to a 
splitter/combiner and the light interference is measured by a detector. Any 
change in the optical path length of the sensor arm due to the physical changes 















Figure 2.7: Configuration of main fibre optic interferometric techniques (a) Mach-
Zehnder interferometer (b) Michelson interferometer (c) Sagnac interferometer (d) 
Fabry-Perot interferometer [72] 
The Michelson interferometer is similar to the Mach Zehnder interferometer 





back to the coupler, where they are combined and directed to the detector as 
seen in the figure 2.7 (b). In the Sagnac interferometer the incident light is split 
into two beams and these two beams travel in opposite angular directions as 
can be seen in figure 2.7 (c). After completing a trajectory the light beams will 
recombine at the point it split.  When the external measurand disturbs the fibre 
close to one end of the loop a phase shift occurs and an interference shift 
happens [72][79].  
Figure 2.7 (d) represents the schematic of a fibre optic Fabry Perot 
interferometer. The working principles are explained, extensively along with 
their applications in the next section 2.4.  
2.4 Fibre sensing technology, fluid pressure sensing and 
application of fibre optic Fabry –Perot pressure sensors in 
healthcare 
Fibre optic sensing technology used in fluid pressure sensing and contact 
pressure sensing in healthcare applications is extensively discussed below. 
2.4.1 Fluid pressure sensing in health care 
Fluid pressure is the force per unit area exerted by a fluid acting perpendicular 
to any surface it contacts. Fluid can be in the form of a gas or liquid [80]. Fluid 
pressure sensing plays a vital role in healthcare. For example, intra-arterial 
blood (IBP) pressure monitoring is one of the techniques commonly used in 
intensive care units and that is often used in operating theatres. This is done 
by inserting a catheter (a thin hollow tube which is inserted into a large blood 
vessel) into a suitable artery and then displaying the measured pressure 
waveform on a monitor [81]. The pressure waveform of the arterial pulse is 
transmitted via the column of fluid to the pressure transducer where it is 
converted into an electrical signal. This technique has many advantages where 
conventional a sphygmomanometer cannot be used, for example, when BP 
pressure is measured in shocked patients [82]. Moreover, it avoids the trauma 





need close blood pressure monitoring for a long period of time.  Another 
example are pressure measurements done during cardiac catheterization.  
Cardiac catheterization is a procedure to examine how well the heart is 
working. [83]. The pressures measured during cardiac catheterisation are the 
mean pulmonary artery pressure (mPAP)  and the mean right arterial pressure 
(mRAP) [84]. Other fluid pressure measurements examples include those 
undertaken in endoscopic tools to measure the pressure in esophagus or 
intravariceal pressure [85],  respiratory pressure measurements, which involve 
the measurement of the pressure of air expelled from the lungs, and in 
therapeutic equipment such as nebulizers, ventilators and laparoscopic 
devices, where gastrointestinal internal pressure should be measured [86].  
In most of the above illustrated situations, invasive pressure measurements are 
involved and it is of great importance in medical diagnostics. Most of the 
invasive pressure measurements are done indirectly through a fluid line, where 
pressure is transmitted from the organ to a remote transducer using a fluid 
filled catheter [87].  This method has several drawbacks. This method is highly 
affected by the movement of a patient and therefore throughout the 
measurement the patients should stay still, which is not very practical.  
Direct measurement of the pressure during invasive pressure measurements 
have many more advantages over indirect measurements, such as higher 
accuracy, immunity to motion and patient’s movements and high response 
time. 
Various aspects should be considered when designing a system for invasive 
direct pressure measurements. The key considerations are biocompatibility, 
inertness, and the size of the sensor. This will allow minimally invasive 
procedures which will be beneficial for the patient as well as the therapist/ 
physician causing less trauma to the muscles, less bleeding, less scarring, less 
pain and thus reduced use of narcotics, less effects on the immune system, less 





Within the context of this research, the targeted applications are listed in table 
2.1. The measurement standards including required pressure range, pressure 
resolution and sampling frequency for different potential applications in 





Table 2.1: Targeted applications of the FP sensor along with the required standards  





















0 Pa 13.3 kPa 0.260 kPa - [93], [94] 
Gastroenterology Stomach. 
Colon 
0 Pa 13.3 kPa - 8Hz [95], [96] 









2.4.2 Fibre optic Fabry-Perot pressure for invasive medical 
applications; advantages over other techniques 
Conventional pressure measuring methods involve piezo-resistive or capacitive 
techniques, strain gauges and solid state sensing methods. They represent 
robust, highly tested, mature technologies offering precise measurements and 
competitive prices [13]. However, the main drawbacks of these technologies 
includes long-term drifts, electrical shock hazard, fragility and costliness [99].  
Fibre optic pressure sensors are a very good candidates for invasive pressure 
measurements. They have many advantages over the conventional pressure 
sensing methods used for invasive medical applications.  Optical fibres are 
made of amorphous silica (SiO2). Most of the times this is an chemically inert 
and biocompatible compound [100],[13]. By selecting biocompatible fibre 
coatings and biocompatible diaphragms the requirement for inertness is 
maintained.  
Moreover, fibre optics can be used under sterilisation or high levels of 
disinfection to eliminate all the microorganisms that might be on the surface 
of the optical fibre [101][102], hence minimising the risk of infections 
associated with invasive procedures.  Optical fibres are thin and flexible. 
However, optical fibres should be encapsulated within layers of biocompatible 
and sterilisable layers in order to protect them from mechanical abrasion. 
These coatings are made of polymeric materials such as acrylate, polyimide, 
silicone, metallic coatings such as aluminium, tin gold, indium and inorganic 
coatings such as oxides, carbides, nitrides and carbon [103]. Thus a carefully 
designed fibre optical sensor is an ideal candidate for invasive biomedical 
applications.  
Along with the advantages that have been discussed in chapter 1,  which are 
common to almost all fibre optic sensors, there are more benefits of selecting 
Fabry Perot techniques for pressure sensing in invasive medical applications.  





(for choosing different cavity sizes, different diaphragms to alter the 
sensitivity) and sensitivity among other fibre optic pressure sensing methods 
[104]. Moreover, it can fabricate the most miniaturised versions of the pressure 
sensors among other fibre optic pressure sensing techniques. 
2.4.3 Fibre optic FP pressure sensors-how it works? 
A Fabry-Perot interferometer (FPI) is  formed by making a cavity between two 
reflective mirrors. Figure 2.8 shows the basic structure of a Fabry-Perot 
interferometer. M1 and M2 are two mirrors with reflectivities r1 and r2 
respectively. ‘n’ is the refractive index of the medium of the cavity. The 











Figure 2.8: basic structure of Fabry-Perot interferometer, l is the cavity length, 𝛥 is 
the optical path difference, n is the refractive index of the cavity medium. M1 and 
M2 are the two parallel reflection surfaces 
 
𝑅 =  
𝑟1+𝑟2+2√𝑟1𝑟2 𝑐𝑜𝑠 ∅
1+𝑟1𝑟2+ 2√𝑟1𝑟2 𝑐𝑜𝑠 ∅
                                         2.25 
Where ∅ is the propagation phase shift in the interferometer, 𝜆 is the free 
space wavelength, R is the ratio of the intensity reflected by the FPI to the 










∅ =  
2𝜋
𝜆
. 𝛥                                                           2.26 
Where, Δ  is the optical path difference (OPD) can be given as follows  
𝛥 = 2 ∗ 𝑛 ∗ 𝑙 ∗ 𝑐𝑜𝑠𝜃                                                 2.27 
 




Figure 2.9: Fibre Fabry-Perot Interferometer, M1 and M2 are the reflection 
interfaces 
For a single mode fibre, it can be assumed as that the light is incident normal 
to the mirror 
𝛥 = 2 ∗ 𝑛 ∗ 𝑙 ∗ 1                                                       2.28 




                                                         2.29 
For the above equation 2.25, normal incidence reflectivity (r) can be given 
using equation 2.30 





                                                          2.30 
‘n1’ is the refractive index of the incidence medium and ‘n2’ is the refractive 
index of the transmitted medium.  
Figure 2.10 shows the simulated reflection spectrum based on equation 2.25, 
of a fibre Fabry-Perot sensor using equation 2.30, where it was assumed that 
the Fabry-Perot cavity length was 20 µm and that the cavity medium was air 
during the simulations.  It is also assumed that there are no losses due to 
absorption or scattering. As the wavelength increases, the frequency of the 
intereference decreases and hence the period between the fringes increases.  
M1 M2 





Figure 2.11 shows simulated reflection spectra of fibre Fabry-Perot sensors 
with different cavity lengths. By changing the cavity length, one can observe a 
wavelength shift. If the end mirror of the fibre Fabry-Perot sensor is made from 
a deflecting diaphragm the cavity length could be changed accordingly. 
According to equation 2.25, pressure which perturbs the OPD within a range of 
0- λ/2 can be detected. Beyond this range, 2π ambiguity will start to show up.   
 
Figure 2.10: Simulated reflection spectrum of a Fabry-Perot for normal incidence 
when cavity length 20 µm 
According to equation 2.25, intensity maxima occur when   
𝑅𝑚𝑎𝑥  𝑐𝑜𝑠 (
4𝜋𝑛𝑙
𝜆
) = 0 = 𝑐𝑜𝑠(𝑚 ∗  2𝜋) ;𝑚 ∈  ℤ                                            2. 31 
Therefore, 
𝑙 =  
𝑚∗ 𝜆
2
                                                                     2.32 
(n=1 for air cavity)  
 
For small deflections, the shift of a given reflectance maximum is linear with 










Figure 2.11:  Simulated reflection spectrum of a Fabry-Perot interferometer for 
normal incidence when the cavity length changes (20, 20.1, 20.2 µm) 
 
 




Figure 2.12: Schematic of a fibre Fabry-Perot tip pressure sensor, P is the applied 
pressure, l1 is the initial cavity length before application of the pressure, l2 is the 
cavity length after applying the pressure P. M1 formed by a  fibre-air interface and 
M2 is air-film interface 
Figure 2.12 shows a schematic of a fibre Fabry-Perot pressure sensitive 
interferometer. As the pressure is applied, mirror M2 will deflect and the cavity 
length will change accordingly. According to above figure 2.11, as the cavity 
length changes, wavelength maxima and minima of the reflection spectrum 
M1 M2 
Deflecting Mirror sensitive 
to Pressure l1 





also shift. Therefore by using a pressure sensitive mirror a fibre Fabry-Perot 
interferometer pressure sensor can be made.   
2.4.4 Theoretical analysis of the sensitivity of the elastic 
diaphragm to the applied pressure  
The sensitivity of the fibre optic Fabry-Perot pressure sensor depends on the 
rate of cavity length changes with respect to the applied pressure. The 
following section describes, in theory, how much deflection the flexible 
membrane should undergo according to the applied pressure and hence allows 




                
  
Figure 2.13: Schematic diagram of a circular membrane of a radius ‘a’ deformed by 
a uniform pressure ‘P’, and the deflection at the centre of the memebrane is 
‘w0’,and the thickness of the membrane is ‘h’ 
 
The sensitivity of the pressure sensor is given by  
𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
= 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦                 2.34 
∆𝑊0
∆𝑃
= 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦                    2.35 
The behaviour of a circular membrane under uniform pressure was first solved 
by Hencky [106], [107]. This solution was modified to include the initial tension 
of the membrane by Campbell [108]. 
The centre deflection of the circular membrane of radius ‘a’ and a thickness ‘h’  
under uniform pressure for small initial tension such as the conditions given in 
[108] can be given by, 
















Where E = Young’s modulus. 
 
For large intital tension or small applied pressure such as the conditions given 








)                        2.37 
 
Where σ = initial stress 
 
 
2.4.4.1 Wavelength sensitivity of the diaphragm to pressure for small initial 
tension 
 
Using equation 2.36, the sensitivity in the terms of diaphragm deflection with 
applied pressure for a membrane with a small initial tension is  
  𝑑𝑊0
𝑑𝑃






 .  (𝑃)−
2
3                                               2.38 
In the FP interferometer, deflection of the diaphragm can be related to the 
cavity length as ∆W0 = ∆𝐿  







                                                   2. 39 
Thus, equation 2.38 can be written as, 
𝛥𝜆𝑚
𝛥𝑃






 .  (𝑃)−
2
3 .  
 𝜆𝑚
  𝐿
                                       2. 40 
The wavelength change due to the pressure change can therefore be 
represented by equation 2.40 
According to the above equation the wavelength sensitivity of the diaphragm 
is a function of pressure.  
The FP interferometer’s wavelength sensitivity for pressure range 0-15 kPa can 
be plotted for a diaphragm diameter of 21 µm and a cavity length of 10 µm as 
shown in figure 2.14 . These values were considered because sensor 01 (cavity 





approximately these dimensions. The Young’s modulus of the film is 4600 MPa 
and the thickness of the film is 200 nm. The wavelength maximum is assumed 
to be 740 nm. 
 
Figure 2.14: FP interferometer wavelength sensitivity as a function of pressure for 
diaphragms with smaller initial tension 
According to figure 2.14 it is clear that as the applied pressure increases the 
sensitivity of the FP interferometer decreases for the case where the 
diaphragm has zero or small initial tension. This is similar to the situation 
where the Parylene film is attached to the fibre tip loosely. 
 
2.4.4.2 Wavelength sensitivity of the diaphragm to pressure for larger initial 
tension 
In a similar manner to the derivation in section 2.4.4.1, using equation 2.37 it 
can be shown that for a diaphragm with a larger initial tension, the wavelength 


















According to equation 2.41 it is clear that for a diaphragm that is under a 
significant initial tension, the sensitivity is not dependent on the applied 
pressure. In this situation, the sensitivity is directly proportional to the square 
of the diaphragm’s radius and inversely proportional to the initial stress.  
The sensitivity of the FP interferometer can be plotted against the initial stress 
for the following conditions: diaphragm diameter of 21 µm, cavity length of 10 
µm, Young’s modulus of the film of 4600 MPa and film thickness of 200 nm. 
The wavelength maximum is assumed to be 740 nm. 
 
Figure 2.15: FP interferometer wavelength sensitivity as a function of initial stress 
for diaphragms with larger initial tension 
  
By applying a pre-tension to the diaphragm a linear change of the wavelength 








2.4.5 Literature review on fibre optic FP pressure sensors 
This section will review commercially available Fabry-Perot pressure sensors 
used in biomedical applications and provide a detailed review of the miniature 
Fabry Perot pressure sensors reported in the literature. It will detail how the 
sensors are fabricated, their sensitivities and what diaphragm materials are 
used.  
Table 2.2 presents the commercially available fibre optic Fabry-Perot pressure 
sensors. Although the number of companies producing miniature fibre optic 
Fabry-Perot sensors is not large, the technique is widely used and is suitable for 
minimally invasive medical procedures, as discussed previously.  
The pressure sensors from FISO technology use a drum like structure that is 
attached to the tip of the fibre to act as the pressure transducer [109]. This 
structure consists of a flexible membrane and a vacuum cavity. The bottom of 
the cavity which is the tip of the optical fibre, and the flexible membrane acts 
as the two reflective mirrors for the Fabry-Perot structure. This flexible 
membrane is pressure sensitive and changes the cavity length with respect to 
the applied pressure. FOP-M offers miniature sensors (~ OD 0.25- 0.5 mm) 
manufactured using well established photolithographic techniques [110]. 
Hence, this flexible membrane is made of a thin silicon layer. The company 
claim that they have manufactured the world’s smallest pressure sensor FOP-
F125, in their published journal article [104]. However, at the time of writing it 
is not available on the market.  FOP-F125 is made from all glass, even the 
diaphragm, providing more flexibility than silicon. The cavity is carved at the tip 
of the fibre using patented technologies [111][112].  
RJC enterprises manufacture patented miniature pressure sensors expoiting 
multimode fibre optic Fabry-Perot techniques.  They use an LED to interrogate 
the optical cavity with an emission bandwidth of about 60nm [113]. The 
reflectance of the emission wavelength varies uniquely with the optical cavity 
length. The reflectance change occurring between a maximum and a minimum 





short range. The sensor consists of a glass optical fibre and a glass substrate 
attached to it which forms the Fabry Perot cavity structure. The pressure 
sensing diaphragm is a silicon membrane. The cavity has thickness of 1.4-1.7 
µm and a 200 µm diameter. The cavity is etched using Hydrofluoric acid.  The 
bottom surface of the cavity is coated with titanium dioxide. The prepared 
silicon wafer film is then attached to the cavity permanently and hermetically 
using a bonding technique called ‘anodic bonding’.  
A miniature fibre optic Fabry Perot pressure sensor using three different fibre 
types of SM fibre, graded index multimode fibre (62.5/125 µm) and step index 
multimode fibre (105/125 µm) has been proposed by Zhu Y et al. [114]. The SM 
fibre is spliced to a 105 µm core diameter fibre and cleaved to create a thin 
layer (~ 10 – 15 µm) of 105 µm fibre on top of the SM fibre. This thin layer of 
fibre acts as the etch limiting layer. The 62.5 µm fibre is then spliced to it and 
cleaved at a certain length (~ 20 – 30 µm). Then this is immersed in Hydrofluoric 
acid. Since the etching rates for doped and undoped cores are different, the 
etching process will stop at the barrier layer. Once the cavity is created, a length 
of 105 µm fibre is spliced once again using a special set of splicing parameters 
in order to prevent the structure deforming. These splicing parameters are 
described in chapter 3. Afterwards this fibre is cleaved by leaving a layer of 105 
µm fibre. In order to reduce the thickness of this layer, which will ultimately act 
as the diaphragm, etching is performed. The pressure range gives 137-1310 kPa 
with a sensitivity of 0.043 nm/kPa with an excellent repeatability.  
Wang X. et al. [115] proposed a miniature fibre tip pressure sensor for 
biomedical applications. This sensor is comprised of a single mode fibre spliced 
with a hollow fibre. The detailed information of the fabrication is not 
presented.  However the claimed tested pressure range is 1034.2 mmHg 
(137.88 kPa) -  1551.3 mmHg (206.82 kPa) and sensitivity is 0.039 nm/mmHg. 
This is a sensitivity of 0.299 nm/kPa. 
Guo F. presented a fibre tip Fabry-Perot interferometric sensor based on a thin 
silver film [115]. The silver thin film is prepared using vapour deposition 





methods. The first involves inserting the fibre into a micro tube which has an 
inner diameter of 150 µm and an outer diameter of 365 µm. Under the 
microscope the fibre is pushed carefully into the tube until the required cavity 
length is achieved. The other method involves splicing a micro tube to the fibre 
and then cleaving it. The silver film is then attached to the fibre cavity using UV 
Epoxy under the microscope. The obtained sensitivity is 1.6 nm/kPa, over a 
pressure range of 0-344 kPa . However this sensor suffers from drift in the 
baseline with time.  
Chen L H et al. proposed a fibre optic FP pressure sensor based on a Chitosan 
diaphragm [116]. Chitosan is a material which is biodegradable and provides 
elastic properties. The proposed sensor has outer diameter of 125 µm and 
inner diameter of 75 µm. The thickness of the diaphragm is 1.5 µm. SMF28 
single mode fibre was first cleaved to make a perpendicular surface and then 
spliced with hollow core fibre to form a cavity. Then the hollow core fibre was 
cleaved at the desired cavity length. The film was deposited using the dip 
coating technique. The sensitivity obtained was 0.4336 µm/kPa. This technique 
suffers from air permeability of the diaphragm. However, the paper claims that, 
since the cavity is smaller than the diaphragm size, it is expected to be 
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66 Pa -6.66 kPa to 40 
kPa 
250 Hz Intravascular blood 
pressure 
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Intra cranial pressure 
Intra uterine 
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 Force sensor at distal 
catheter tip  
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Wu J. et al. [121] reported a fibre optic Fabry Perot sensor probe (dimensions: ~ 100 
micron OD) fabricated by an in house developed 3D micro printing setup for highly 
localised pressure measurements. The reported sensitivity is 2.9 nm/MPa for a 
pressure range of 0-700 kPa. SU8 diaphragm is directly printed on the end face of a 
standard single mode fibre to form a sealed FP cavity. Hill G. C. et al. [122] reported 
a fibre optic FP pressure sensor for invasive biomedical applications based on SU8 
biocompatible polymer. The sensor head diameter was 300 µm. The reported 
sensitivity is in the range of 13.5- 21.02 nm/kPa (1.8-2.8 nm/Hgmm). However, this 
sensor suffers from sensitivity and linearity degradation with time and the large 
coefficient of thermal expansion of SU8 polymer affects the cavity length of the 
polymer.  
Katsumata T. et al. [123] proposed an ultra-miniature pressure sensor for invasive 
blood pressure measurements using catheters. The outer diameter of the sensor is 
125 µm. An SiO2 diaphragm is manufactured by the wafer deposition technique and 
the cavity is formed by attaching polymide spacers between the film and the tip of 
the fibre. Micromachining techniques are used to fabricate the sensor. The intensity 
modulation technique has been used to integrate the cavity.  
Other miniature fibre optic Fabry Perot pressure sensors designed for invasive 
medical therapies which are available in literature are summarized in table 2.3. 
Among these available technologies, this PhD research work attempts to discuss and 
develop a novel miniature fibre optic Fabry Perot interferometric sensor with a head 
diameter of 125 µm using all biocompatible materials and a unique method (focused 
ion beam technology), for application in invasive pressure monitoring in 













2.4.6 Proposed fibre optic Fabry- Perot sensor  
One of the main objectives of this PhD is to develop a novel miniature fibre optic 
pressure sensor for invasive biomedical applications.   




Figure 2.16: Simple schematic of the proposed fibre optic Fabry-Perot pressure sensor 
The proposed sensor has a maximum sensor diameter of 125 µm. Two fabrication 
methods were proposed for cavity formation. The first method is to inscribe the 
cavity at the tip of the SM fibre using focused ion beam micromachining technology. 
The second method of the cavity formation involves splicing the SM fibre to a 
capillary fibre tube and cleaving it to make a micro air cavity. Splicing a capillary tube 
to an optical fibre is a cost effective and simple method when compared with the FIB 
method. The details of the methods are described in Chapter 3.  Parylene-C vapour 
deposited polymer is used as the pressure sensitive diaphragm at the end of the 
optical cavity. Since Parylene and silica are biocompatible materials this is an ideal 
candidate for invasive biomedical applications. Zhou M. et al. [124] presented an 
implantable pressure sensor fabricated for left ventricular assist devices (LVDA)  
based on a  Parylene diaphragm with a silicon mirror at the centre. However, the 
design is used for the sensing element of the inlet area of about 36mm2 of the LVDA 







Table 2.3: Summary of fibre optic Fabry-Perot sensors for medical applications available in literature 
Sensor  Description of fabrication and dimensions and notes Sensitivity and 
range 
References 
A Novel MEMS 
Pressure Sensor 
Fabricated on an 
Optical Fibre  
200 µm diameter, silicone diaphragm (7 µm) bonded anodically to the tip of 
the fibre cavity. 
Air cavity (0.6 µm) created using photolithographic patterning and chemical 
etching.    
0.115 mV/ kPa,  
0-551 kPa 
[125] 
Miniature Fibre Optic 
Pressure Sensor for 
Medical Applications 
125 µm diameter, diaphragm thickness of 4 µm, cavity length of 80µm, cavity 
is formed by splicing SM fibre with MM fibre and chemically etching. Polymer 
diaphragm is attached to the tip of the cavity by dipping in the polymer 






Pérot cavity with 
ultra-high-pressure 
sensitivity 
125 µm diameter, cavity is formed by immersing a single mode fibre spliced 
with silica tube into a liquid to form a microbubble. Diaphragm free method. 
One reflector is the silica-air interface, and the other reflector is air-liquid 
interface. Main drawbacks in this method are in each use the sensor should be 
calibrated, the sensor should be always positioned vertically to the liquid, 
stabilisation problems of the air bubble.  




125 µm diameter, a cavity is micro machined at the tip of a sensor forming 
fibre using chemical etching techniques, cavity side is fusion-spliced to the lead 
fibre, sensor forming fibre is cleaved near the splice by visually inspection 






sensor with SiO2 
diaphragm 
125 µm diameter, SM fibre spiced with MM fibre and MM fibre is chemically 
etched to form the cavity, another SM fibre is spliced at the end of the cavity 
to form the diaphragm and polished to form a thin diaphragm.  
1.1 rad/40 kPa 
diaphragm 
deflection 3.4 nm 
/kPa 






2.4.7 Parylene-C films as the pressure sensitive diaphragm 
Parylene C (poly (dichloro-p-xylylene)) is a polymeric material commonly used 
as a substrate or encapsulation material for many kinds of biomedical micro 
devices [131]. 
   
Figure 2.17:Chemical molecular structure of parylene-C [132] 
Parylene is an FDA approved biocompatible material with the highest U.S. 
Pharmacopeia class VI approval and  is considered to be material suitable for 
long term medical implantation [133]. Moreover it is extremely stable 
chemically and biologically and is resistant to high temperatures and to 
corrosive gases. These characteristics make parylene an ideal candidate for 
invasive biomedical processes. Parylene has been widely used as a coating 
material for implantable biomedical devices [134], surgical instruments, 
mandrels and medical devices and medical electronics [135],[136]. The mean 
Young’s modulus of parylene-C lies in 1.3 GPa- 3.5 GPa range [137] and it can 
bear up to 200% elongation before it breaks [138]. According to equations 2.36 
and 2.37, although the large Young’s modulus reduces the deflection in respect 
to applied pressure, the sensitivity can be increased by using a thin membrane 
(~100nm) as the sensitivity is inversely proportional to the thickness of the 
diaphragm. Consequently, due to the above discussed characteristics of 
parylene-C it is a suitable candidate for the pressure sensitive diaphragm for 








2.4.7.1 Self –supporting Parylene-C chemical vapour deposition 
Parylene-C thin films are produced by using a method called chemical vapour 
deposition (CVD). The mechanism of CVD can be described as follows, based 
on references [132] and [139]. Parylene-C films are grown as vapour deposits, 
molecule by molecule in a room temperature vacuum chamber, on a sacrificial 
layer. The parylene-C CVD process starts with a granular form of Parylene, 
dimer paracyclophane (di-poly-chloro-p-xylylene or DPX-C).  In the first step, 
the solid is converted to its gas phase by a process called ‘sublimation’, where 
the temperature is maintained at 110-150 °C and the pressure is 1 mbar. In the 
second step, the vapour is pyrolyzed (decomposed using high temperatures) in 
the temperature zone of 650-690 °C and at a pressure of 0.5 mbar. This results 
in an intermediate monomeric form of the dimer molecule. In the final step, 
the monomer gas interacts with substrate surface and forms a polymer film. 
The vacuum process removes impurities and moisture and provides an even 
thickness in deposition. This process is explained in figure 2.18. 
 





2.5 Fibre Bragg grating (FBG) pressure sensors and software 
simulation of the FBG reflected spectrum 
In this section, the discussion will divert to the explanation of FBG pressure 
sensors for contact pressure measurement in healthcare. The working 
principles, sensor design and applications are all detailed in the following 
section. 
2.5.1 Fibre Bragg grating pressure sensors: working principles 
An FBG consists of a periodic modulation of the refractive index of the core of 
a single mode optical fibre.  These periodic modulations form a grating 
structure inside the fibre. As the light is guided inside the optical fibre, it 
undergoes a Fresnel reflection at each of the grating planes, where there is a 
refractive index change. This light progressively becomes out of phase except 
for at the Bragg wavelength, which satisfies the Bragg condition.  The light at 
the Bragg wavelength constructively interferes to produce a peak in the 
reflection spectrum. The Bragg condition is given by equation 2.42 [141]. B is 
the Bragg wavelength, 𝑛𝑒𝑓𝑓  is the effective refractive index of the fibre core. Λ 
is the grating period.  
                             2.42 
An FBG reflects a very narrow bandwidth of wavelengths, as shown in figure 
2.19.  






Figure 2.19: working principle of FBG and strain response, top figure show the 
unstrained FBG and bottom figure shows strained FBG. An increase in the 
periodicity of the FBG is visible after application of strain to the FBG. Wavelength 
shift in the reflected peak and the transmitted valley is visible with respected to the 
unstrained spectra 
The Bragg wavelength is sensitive to temperature and strain. The centre 
wavelength of the reflected light depends on the effective refractive index and 
grating period. The Bragg wavelength shift due to temperature and strain 
change is given by equation 2.43 [141] 
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As the temperature changes, the Bragg wavelength will be changed due to the 
thermo-optic effect that modifies the effective refractive index of the fibre and  
due to the alteration in the grating period that occurs due to the thermal 
expansion of the fibre. When the FBG is strained, it causes a change in the 
grating period and also a change in the effective refractive index of the 
fundamental mode via the photo-elastic effect [142].  
The strain term shown in 2.43 can be written as,  
 
𝛥𝜆𝐵 = 2  𝛬 
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Where 𝑝11 and 𝑝12 are the components of strain optic tensor, 𝜈 is Poisson’s 
ratio and 𝑧  is the strain. FBGs fabricated in typical germanosilicate fibre 
exhibit a 1.2 pm shift at 1550 nm centre wavelength for 1 micro strain applied 
to the FBG [143].  
2.5.2 Coupled mode theory and transfer matrix method 
The spectral response of FBGs can be calculated using couple mode equations 
and the transfer matrix method. The transfer matrix method is an 
approximation based method and models the non uniform grating properties 
as a piecewise constant function and reduces the calculation of the grating 
spectral response to a single response matrix [144]. 
FBGs are able to couple light from the propagating core guided mode into the 
counter propagating core guided modes. This causes loss dips in the 
transmission spectrum and peaks in the reflection spectrum [145].  Using 
couple mode theory, the electric fields of the backward and forward 
propagating waves can be given using the following equations [141] 
    2.45 
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Where β is the propagation constant. The complex amplitudes 𝐴(𝑥) and 𝐵(𝑥) 
can be given by the following two coupled mode equations. 
𝑑𝐴(𝑥)
𝑑𝑥
= 𝑖𝜅𝐵(𝑥)𝑒𝑥𝑝 [−𝑖2(𝛥𝛽)𝑥]                        2.47 
𝑑𝐵(𝑥)
𝑑𝑥
= −𝑖𝜅∗𝐴(𝑥)𝑒𝑥𝑝 [𝑖2(𝛥𝛽)𝑥]                        2.48 
Where 𝛽  is the propagation constant and is given by   
2𝜋𝑛0
𝜆
   ,  𝛽0 =  𝜋/Λ and Λ 
is the grating period. Δ𝛽 =  𝛽 − 𝛽0 is the differential propagation constant.  𝜅 
is the coupling coefficient, which is given by  
 









𝜅 =  𝜋 ∗ 𝑚 ∗  𝛿𝑛𝑒𝑓𝑓/𝜆                                  2.49 
where m is the striate visibility for a single mode FBG.  
The detuning Δ𝛽, which is dependant on z, can be defined as [146] . 
𝛥𝛽 =  𝛽 −
𝜋
𝛬
                                                       2.50 









 𝛿𝑛𝑒𝑓𝑓                                   2.51 
 
𝜆𝐷 is the ‘design wavelength’ for Bragg reflectance by a weak grating where 
(Δ𝑛 → 0) and can be given by 𝜆𝐷 =   2 𝑛0Λ. 𝛿𝑛𝑒𝑓𝑓 is the ‘dc’ index change, 
spatially averaged over the grating period.  
 
Figure 2.20: Transfer matrix method, 𝛬 is the grating period, az is the backward 
output reflected wave, bz+𝛥 is the forward transmitted wave 
The perturbation of the refractive index can be described using following 
formula 
𝛿𝑛𝑒𝑓𝑓(𝑧) = 𝛿𝑛𝑒𝑓𝑓(𝑧) {1 +  𝜈 𝑐𝑜𝑠 [
2𝜋
𝛬
 𝑧 +  𝜙(𝑧)]}                       2.52 
Where 𝜙(𝑧) is the grating chirp, which for a uniform grating 𝜙(𝑧) = 0. In the 
transfer matrix method, the grating is divided into N uniform sections of length  
Δ = L/N. 
The transfer matrix relation can then be given for the sections at z and z+Δ. The 
backward output reflected wave az and the forward output transmitted wave 


























]     
2.53 
𝛾 = √𝜅2 −  𝛥𝛽2                                              2.54 
Connecting all the fields’ together equation 2.53 can be modified to become 
                                 [
𝑎𝐿
𝑏𝐿
] =  𝑇. [
𝑎0
𝑏0
]                                                  2.55 
Where 𝑇 =   𝑇𝑁 ∗  𝑇𝑁−1 ∗ …… ∗ 𝑇𝑖 ∗ … . .∗  𝑇1  
T will have dimensions 2x2. Therefore T can be written as 
𝑇 =  
𝑇11 𝑇12
𝑇21 𝑇22
                                                        2.56 
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Simulation results for the FBG generated using the above formule are given in 
figure 2.21. The central wavelength of the FBG is 1534.75 nm, the length of the 







Figure 2.21: Simulated reflection spectrum of FBG using the Transfer matrix 
method 
 
2.5.3 Response of a non-uniform strain field 
According to Peters K. et al. [148], an applied strain induces a change in both 
grating period and the mean index. These two effects can be linearly 
superimposed at least for a piecewise continuous strain field because it is 
locally uniform.  The two effects can be included by applying an effective strain 
(1 − 𝑝𝑒) 𝑧𝑧 (𝑧) to the grating period, where the 𝑧𝑧 (𝑧) strain variation is along 
the z direction. 𝑝𝑒 is the photoelastic coefficient. Thus for a non-uniformly 
loaded grating, the grating period can be written as in equation 2.59. 
𝛬(𝑧) =  𝛬0 [1 + (1 − 𝑝𝑒) 𝑧𝑧(𝑧)]                                  2.59 
The effective mode index can be written as  
𝛿𝑛𝑒𝑓𝑓(𝑧) =  𝛿𝑛𝑒𝑓𝑓  {1 +  𝜍 𝑐𝑜𝑠 [
2𝜋
𝛬0 [1+(1−𝑝𝑒) 𝑧𝑧(𝑧)]
𝑧]}                    2.60 
 






The bandwidth of an FBG in its free state is the full width at half maximum 
(FWHM) and can be given using equation 2.61 [151],[152] 








)2]1/2                           2.61 
Where s ≈ 1 for strong gratings with near 100% reflectivity and s ≈ 0.5 for weak 
gratings. 𝑛𝑐𝑜𝑟𝑒 is the unexposed core refractive index.  
 
2.5.4 Birefringence/signal anomalies of FBGs to Transverse 
loading conditions 
The refractive index of an optical fibre depends on the applied perturbations.  
The refractive index changes caused by applied loads are called photo-elastic 
phenomena [153]. When an FBG experiences a transverse loading it may 
exhibit birefringence effects. This may cause a splitting of the FBG Bragg peak 
into two peaks. This is illustrated in figure 2.22. Birefringence is a condition 
where two orthogonal components of the optical fibre cross section have 
different indices of refraction [154]. When an FBG is under a transverse loading, 
the refractive index will increase in the compressed side and the index of 
refraction will decrease in the orthogonal direction.  The compressed direction 
is called the slow axis, whilst the orthogonal axis is called the fast axis. In any 
un-deformed FBG, the refractive index to be assumed is uniform across the 
core cross section at any location along the fibre axis. When a transverse load 
is applied on the FBG, the core cross section of the FBG will deform into an 
elliptical shape with a compressive force acting on the short axis. This is 







Figure 2.22: FBG response under a transverse load. Birefringent effect [152] 
 
Figure 2.23:  Loading effects on refractive index [154] 
Birefringence happens as a result of photo elasticity in the fibre. The stresses 
that are acting in the FBG change the index of refraction. Photo elasticity 
caused refractive index changes in the x and y polarisation axis are expressed 










 × {(𝑝11 − 2𝜈𝑝12)𝜎𝑥 + [(1 − 𝜈)𝑝12 −  𝜈𝑝11] × [𝜎𝑦 +
𝜎𝑧 ]} 
2. 62 





× {(𝑝11 − 2𝜈𝑝12)𝜎𝑦 + [(1 − 𝜈)𝑝12 −  𝜈𝑝11] × [𝜎𝑥 + 𝜎𝑧 ]} 
2. 63 
The corresponding Bragg wavelength changes can be given using the following 
equations 2.65 and 2.66 [153], [155]. 





 × {(𝑝11 − 2𝜈𝑝12)𝜎𝑥 + [(1 − 𝜈)𝑝12 −  𝜈𝑝11] × [𝜎𝑦 +
𝜎𝑧 ]} + 2 
𝑛𝑒𝑓𝑓𝛬𝐵,0
𝐸
 × {𝜎𝑧 −  𝜈[𝜎𝑥 + 𝜎𝑦  ]}     2. 64 
 





 × {(𝑝11 − 2𝜈𝑝12)𝜎𝑦 + [(1 − 𝜈)𝑝12 −  𝜈𝑝11] × [𝜎𝑥 +
𝜎𝑧 ]} + 2 
𝑛𝑒𝑓𝑓𝛬𝐵,0
𝐸
 ×  {𝜎𝑧 −  𝜈[𝜎𝑥 + 𝜎𝑦  ]}         2. 65 
 
The first terms of equations 2.65 and 2.66 are different and correspond to the 
effect of transverse applied loads and the second terms of these equations are 
identical and correspond to the Bragg reflection wavelength changes of the 
FBG induced by the longitudinal strain. The change in the FWHM of the 
reflected peak due to the transverse loading can be given as follows. 
∆𝜆𝑤𝑣







 [(1 + 𝑣𝑓)(𝑝12 − 𝑝11)] |𝜎𝑥 − 𝜎𝑦  |                                        2. 67 
The total width variation due to the non-uniform behaviour and transverse 
loading can be calculated by adding  ∆𝜆𝑤𝑣
′  and  ∆𝜆𝑤𝑣
′′  . 
Hence the total width variation of the reflected peak can be given as, 
 𝛥𝜆𝑊𝑉 = ∆𝜆𝑤𝑣
′ + ∆𝜆𝑤𝑣
′′                                                      2. 68 





𝛥𝜆𝑏 = 𝜆𝑏 ∗  (1 − 𝑝𝑒) ∗ (𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ( 𝑧𝑧(z))                           2. 69 
Where 𝜆𝑏 is the design wavelength of the FBG. 
Since the gratings seen by the orthogonal polarisation states are independent, 
the total reflectivity can be deduced by adding the weighted reflectivity along 
each of the polarisation states. The reflectivity weights along two different 
polarisation states are defined by the intensity fractions present in each 
direction. Therefore, the total reflectivity can be given as [156], 
𝑅 =  𝑝𝑥
2 𝑅𝑥 + 𝑝𝑦
2 𝑅𝑦                                                     2. 70 
𝒑𝒙 and 𝒑𝒚 are the amplitude components along the x and y axes where  
𝑝𝑥
2 + 𝑝𝑦
2 = 1.  
2.5.5 FBGs for contact/interface pressure measurements in 
healthcare 
Accurate contact pressure measurement is very important in avoiding pressure 
injuries caused by being in prolonged contact with mattresses, wheelchairs and 
prostheses, or through using devices such in dwelling catheters and 
compression therapy bandages. 
According to the World Union of Wound Healing Societies (WUWHS) consensus 
document for compression in venous leg ulcers [157], bandage systems and 
compression garments are graded according to the level of compression they 
produce. WUWHS suggest 4 different levels of pressure applied to the limb:  
Mild (< 20 mmHg≈ 2.66 kPa), moderate (≥ 20-40 mmHg≈ 2.66 -5.33 kPa), strong 
(≥ 40-60 mmHg≈ 5.33-7.99 kPa) and very strong (>60 mmHg≈ 7.99 kPa). 
Compression bandaging is an important treatment method for certain medical 
conditions such as wounds, lymphedema, venous leg ulcers and varicose veins, 
deep vein thrombosis, venous insufficiencies and pulmonary embolism 
[158],[159]. Depending on the medical condition, the amount of pressure 
needed to be applied by the compression bandaging may change. For example, 





varicose at the ankle while moderate compression of (2.4-3.2 kPa) is used at 
the ankle for the treatment of ulcers. Strong compression (3.3 – 4.7 kPa) is used 
at the ankle for post thrombotic venous insufficiency and the management of 
venous leg ulcers [160][161]. In the case of venous leg ulcers or varicose vein 
treatments, the aim of the use of compression bandaging is the reduction of 
venous hypertension caused by vulvar insufficiency [162]. Application of 
external compression by means of a bandage will ultimately increase the 
velocity of blood flow within the veins by providing support to the muscles. 
However, reaching and maintaining the desired pressure is difficult when 
applying the compression bandage. Compression bandages can be harmful if 
not applied properly due to the high tension and pressure applied. For 
example, a compression pressure in excess of 4 kPa may decrease venous blood 
velocity and produce tissue damage over bony prominences when applied for 
long periods [163],[49],[50].  
Thorough assessment, including the magnitude, distribution and duration of 
pressure, limb radius and layers of bandage, is required for compression 
bandaging therapy.  Issues related to compression bandaging are still 
debatable such as the level of pressure required and the actual level of 
compression achieved during the bandage application [164].  
Sub-bandage pressure can be defined as the pressure accomplished beneath 
the bandage during its application and while wearing the bandage. Sub- 
bandage pressure can be predicted using equation 2.72 [164]. This is based on 
the formula described for the pressure exerted on a curved surface by Pierre 
Simon de Laplace and Thomas Young in 1805 [165],[166].  
𝑆𝑢𝑏 − 𝑏𝑎𝑛𝑑𝑎𝑔𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  
𝑁𝑜.𝑜𝑓 𝑏𝑎𝑛𝑑𝑎𝑔𝑒 𝑙𝑎𝑦𝑒𝑟𝑠 ×𝑇𝑒𝑛𝑠𝑖𝑜𝑛 𝑜𝑓 𝑏𝑎𝑛𝑑𝑎𝑔𝑒 
𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑙𝑖𝑚𝑏 ×𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑏𝑎𝑑𝑎𝑔𝑒
         
  2. 71 
However, the reliability of equation 2.72 is still controversial due to the 
complexity of the human limb and the long-term drift of the sub-bandage 





pressure regularly and there is a necessity for a reliable sensor for sub-bandage 
pressure measurements.  
Prosthetics is also another healthcare field where interface pressure 
measurement techniques are deployed widely.  The pressure measurement at 
the interface between the stump and the prosthetic socket can provide 
valuable information in the process of prosthetic socket fabrication, 
modification and fit [169]. The prime objective of any prosthesis is to provide 
function in a comfortable manner. However, comfort of the prosthesis is 
dependent on the pressure between the socket and the residual limb [170]. 
Depending on the type of socket, the interface pressure range between the 
residual limb and the socket may differ widely.  For example Moo et al. [171] 
discuss interface pressure profile analysis of two types of sockets, namely the 
patellar tendon bearing (PTB) socket and the hydrostatic socket. According to 
the study, the anterior pressure profile of the PTB socket exhibits a pressure 
range of 50-90 kPa, whereas the posterior PTB socket exhibits peak pressure of 
up to 210- 230 kPa. As Quesada et al. [172] note in their study of analysis of 
below knee PTB prosthesis, pressure peaks can go up to 800 kPa for hard 
sockets. 
There is a wide variety of commercially available pressure sensors, including 
pneumatic, piezo electric, resistive, strain gauge and capacitive sensors. The 
main limitations of these sensors are that they are bulky when compared with 
fibre optic sensors. Some of the available contact pressure measurement 
techniques are discussed in detail in section 2.8. 
The FBG is one of the most attractive solutions for sub-bandage pressure 
measurements among all other technologies, because of the small size, 
flexibility, immunity to electromagnetic interference, bio-compatibility, and 
wavelength encoding ability. Although FBGs are sensitive to strain and 
temperature, FBGs are less sensitive to pressure, with a bare FBG exhibiting a 
sensitivity of about 3.04x10-3 nm/MPa [173].  Nevertheless, FBGs could be 
engineered in a way that the pressure can be transduced to axial strain to 





2.5.6. Available techniques for contact pressure measurements in 
healthcare 
The characteristics of an ideal sensor for sub-bandage pressure measurements 
were summarised by Partsch H. et.al [51]; a suitable sensor should be flexible, 
small in size, durable, reliable, offer variable sensor sizes, be thin, accurate, 
insensitive to temperature and strain, with low hysteresis, a linear response 
and a high sampling rate.   
Barbenel J et al. [160] developed a device for measuring soft tissue interface 
pressure. The device consists of a sensor cell of a diameter of 28mm, tubing of 
1m length and a commercially available electro pneumatic sensor cell (by Tally 
group limited, Medical equipment division, Hants, UK,). The transducer is a 
piezo resistive pressure sensitive device whose output voltage is proportional 
to the applied pressure. The device has a dynamic range of 0-5kPa, has a linear 
pressure sensitivity and is robust. However, it suffers from bulkiness and low 
flexibility. The sensor cell, tubing and transducer are filled with vegetable oil, 
which may cause problems during motion and is not suitable for use in dynamic 
studies due to the hydrostatic pressure variation as the sensor moves vertically 
relative to the transducer.  
Steinberg M et al. [163] presented a method for the measurement of sub-
bandage pressure using an electro pneumatic sensor. Electro pneumatic 
sensors transform displacement or proximity into change in air pressure. This 
sensor consists of a polyurethane disc with a diameter of 2.8cm and profile 
0.5mm, to which a 1m length of pipe is attached. An electronic circuit is used 
to calculate the pressure. The maximum sampling rate achieved was 2.9 Hz. 
The main drawback of this sensor is that it suffers from hysteresis. 
Ferguson-Pell et al. [174] evaluated a sensor which is commercially available 
for low interface pressure measurements. The sensor namely ‘Flexiforce’ 
developed by Tekscan, is designed for the measurement of the low interface 
pressure between skin and the support surface, for example in pressure 





the force applied. The main drawbacks of the sensor are that it is only suitable 
for static measurements, and it is less conforming to the curvature of the limb.  
Wang et al. [167] describes an fibre optical force sensor consisting of two arrays 
of FBGs entwined in a double helix form.  Two optical fibres are contacted and 
entwined into a double helix form by pitch matching the spatial separations of 
the FBGs. Due to the double helix structure, when a force is applied, one FBG 
experiences a compression while the other experiences an elongation. The 
degree of differential Bragg wavelength shift is used to determine the applied 
force. The double helix structure is advantageous because any temperature 
fluctuation causes a common mode variation which is independent of the force 
induced differential wavelength shift. Thus, this sensor array is immune to 
temperature variations and capable of real time distributed sensing of sub-
bandage pressure. 
2.5.7 FBG sensor for the contact pressure measurements  
Correia R. et al. [53],[175] presented a pressure measuring system using a FBG 
embedded in an epoxy patch. This epoxy cube transduces the external pressure 
into strain on the FBG. The deformation of the epoxy cube in response to the 
















Figure 2.24: Schematic of the FBG sensor design for contact pressure 
measurements 
 
This phenomena has been used to measure the contact pressure between an 
endotracheal tube cuff and the trachea [52]. The sensitivity reported was 
2.1x10-2 nm/kPa, increasing the pressure sensitivity of the FBG by a factor of 15 
when compared with a bare FBG.  According to the study, measurements made 
using a commercial manometer agreed well with the FBG contact pressure 
measurements. 
This method has many advantages such as small dimensions and lightweight 
(because the FBG itself is about 3mm length and the patches are less than 
about 6mm long and 3mm wide). Moreover, these sensors provide a lot of 
flexibility over other methods in contact pressure measurements due to the 
flexible nature of optical fibres. Several FBGs can be placed in a single fibre due 
to the multiplexing capabilities of FBGs and hence can do multiplex point 
sensing during contact pressure measurements and also allow compensation 
for strain and temperature. Moreover, this sensor offers the robustness 
required for contact pressure measurements.  
 
 











2.5.8 Why a mathematical model for the FBG sensor? 
The technique described in section 2.5.7 is a suitable technique for contact 
pressure measurements. However, one of the important phases before the 
design and fabrication of the sensor is to optimise the design parameters of the 
sensor. Although the initial patch design was cube shaped as described in [53] 
[175], it is important to investigate the optimum dimensions and shape of the 
patch to optimise its performance for the specific application.  Moreover, there 
is an impact of the material properties of the patch upon the sensitivity of the 
device. By selecting the material carefully the sensor could be designed for 
different sensitivities and pressure ranges, depending on the application. This 
is one of the key characteristics that should be expected from an ideal contact 
pressure measurement sensor, as described by Partsch. H et al. [51].  
The output reflection spectrum from the FBG is dependent on the stress/strain 
field profile acting along the FBG. However, the stress/strain exerted on the 
FBG is dependent on how the patch deforms due to the transverse loading. The 
patch deformation is dependent on the material it has been made of, and on 
its design.  
An accurate simulation would enable the optimisation process. This PhD aims 
to develop an accurate virtual simulation of the FBG sensor by developing a 
mathematical model. Finite element analysis is used to simulate the 
stress/strain field along the FBG due to the transverse loading. The Transfer 
matrix method, described in section 2.6, is used to simulate the FBG reflected 
spectrum output corresponding to the applied transverse load.  
Hu H. et al. [54] presented a FBG simulation for real time evaluation of 
transverse cracking in cross-ply laminates. A MATLAB code exploiting the 
Transfer matrix method was  developed for the purposes of FBG simulation. 
Hassoon O. et al. [55] developed a numerical simulation of an FBG for modeI 
delamination detection to determine the material strength. Again a MATLAB 
code was used to simulate the reflected spectrum. In both cases the authors 





specific application. Pereira G. et al. [56] developed an FBG signal simulation 
tool for finite element method models. This tool provides the facility to 
simulate FBG response independently of the structure, loading or type of 
application. Moreover, this is a free to download software.  This provides three 
different simulations; longitudinal uniform strain, longitudinal non uniform 
strain and transverse stress. Since the working principles of the FBG sensor 
described in section 2.5.6 are  based on the application of transverse loading it 
is important to look at the resultant transverse stresses and the non-uniform 
strain experienced by the FBG.  When examining the python code of the 
algorithm and then after assessing  it was found that, for transverse stresses, 
the software does not consider the non-uniformity of the grating. Instead it 
uses an average strain value which may not produce an accurate approximation 
for the non-uniform conditions. For example, figure 2.25 shows a situation 
where the fibre experiences non uniform strain due to the transversely applied 
loading. This situation can be found in a compression bandage, in which 
average value of the strain is not a good approximation through out every 
section of the transfer matrix. In another example, the software produced 
unrealistic results. Although the input file had zero strain along  all the 
directions of the fibre the simulation showed a shift in the reflected spectrum 
as shown in figure 2.26. 
 







Figure 2.26: FBG-SiMul 1.0 software produced results for zero strain 
 
2.6 Summary 
Pressure measurement in healthcare can be divided into two types. Fluid 
pressure measurements (invasive blood pressure, urethral pressure) and 
contact pressure measurements (prosthetics, pressure ulcers, compression 
therapy). In this chapter, two main fibre optic sensing techniques for 
addressing these two types of measurements have been discussed. These two 
techniques are fibre optic Fabry-Perot interferometric sensing and fibre Bragg 
grating based sensing, respectively. Theoretical models for both sensor 
technologies were presented and discussed. An extensive literature review was 
presented for both of the techniques by comparing all currently available 









Chapter 3  
Fabrication of a miniature Fibre Optic Fabry-Perot Pressure 
Sensor and its Characterisation 
3.1 Introduction 
In this chapter, section 3.2 describes the fabrication methods used for the fibre 
optic Fabry-Perot pressure sensor. Pressure sensor fabrication is conducted in 
two stages. The first stage involves the formation of the cavity at the tip of the 
single mode fibre while the second stage is the application of the 
film/diaphragm to the tip of the fibre. Two different methods of cavity 
formation and two different methods of diaphragm application are explained.  
Section 3.3 describes the experimental setup established for the calibration of 
the pressure sensors and which was used to gather the results obtained in 
section 3.4. Section 3.5 contains the discussion, conclusion and future work.  
3.2 Fabrication Methodology  
3.2.1 Focused ion beam milling 
In the first stages of the sensor development, Focused Ion Beam (FIB) milling 
techniques were used as the cavity formation technique. FIB provides the most 
precise, mask-less micro/nano fabrication tools [176]. FIB is becoming a 
popular micro/nano fabrication tool in the field of engineering. 
3.2.1.1 FIB technology applications 
The focused ion beam technique uses a highly focused Gallium ion beam 
column (Ga+) beam to mill and image a sample inside a vacuum chamber. The 
spot size, which is typically less than 10nm provides high precision in micro and 
nano fabrication [177].  Most of the FIB systems integrate an electron beam 
column at an angle of 52° to the ion column. This is shown in figure 3.1. The 
electron beam is used for sample imaging during or after the FIB processing. 
Electron beam is also used for depositing extra material [178]. FIB enables 





milling is a process of material removal from the target specimen. The milling 
of the material occurs through a process called sputtering. This is a mechanism 
where incident ions transfer momentum to the substrate and release atoms 
through cascade collisions [179]. The efficiency of FIB milling is evaluated by 
the sputtering efficiency and is given by equation 3.1 
𝛾 = 𝛬𝐹𝐷(𝐸0)                               3.1 
Where 𝛾 is the mean number of atoms sputtered or emitted / incoming ions,  
Λ contains the material properties of the sample such as surface binding energy 
and the range of displaced target atoms, and FD(E0) is the density of the 
transferred energy within the surface. 𝐹𝐷(𝐸0) depends on the type (atomic 
number, mass number) energy, and the direction of the incident particle as well 
as on the type of the target atoms (atomic number, mass number) [178].  
𝛾 is an important characteristic in an FIB system, and it increases with 𝐸0. After 
30 keV 𝛾 stays constant and this is the reason most FIB systems use 30 keV as 
the beam voltage. 
FIB techniques have been used in a number of fibre optical applications 
including the fabrication of long period gratings [180], [181], tapering and 
micromachining tips [182], [183], and for the milling of side holes on fibres 
[184].[185]. The FIB based Fabry-Perot tip sensor created here is a novel 
approach and has not been reported in the literature before.  
3.2.1.2 FIB milling procedure: 
The FIB Quanta 200 3D was used as the FIB machine during the experiments. 
This system is a FIB/SEM workstation, which provides range of capabilities not 
possible with separate FIB and SEM tools.  For example, real-time cross-section 
images and videos with the electron beam during FIB milling, focused electron 
beam charge neutralisation during FIB milling and high resolution elemental 
micro analysis of defect cross sections are all possible [186]. The following 






The fibre (single mode silica optical fibre 780HP, Thorlabs) was first cleaned 
using isopropanol (C3H8O). Then it was cleaved using a precision fibre cleaver 
(VF-15H precision fibre cleaver, INNO instruments) to achieve a flat surface at 
the tip of the fibre. Next, the fibres were coated using a platinum coater. 
Platinum coating is an important part of the procedure. During the FIB 
milling/sputtering process as explained above, excess charge may build-up on 
the surface of the material during the ion bombardment process. This may 
cause a random deflection of the incident ion beam over time. Therefore, 
platinum coating prior to the FIB /SEM application will reduce drifting and 
protect the sample from the ion beam during the process. Platinum has higher 
conductivity and contrast in electron microscopy [187]. This fibre was then 
mounted on a 45° angled stub, after securing on a rotational stage. Then 
the stage is rotated towards the ion beam so that the fibre tip is directly 
facing the ion beam. Next, the system was pumped until a vacuum was 
achieved inside the chamber. Typically, the pressure inside the chamber is 
~10−5 Pa in the high vacuum mode. The next step is to set the sample height 
to the ‘eucentric height’. The ion and electron beams should coincide at one 
particular place in order to do the milling correctly. The two beams will coincide 
at the ‘eucentric height’ position. This is shown in figure 3.1. The electron beam 
remains vertical, and the Ion beam is located at an angle of 520 to the electron 
beam. Because a 45° angled stub is used at the stage, this should be tilted  by 
a tilt 70 in order to make the plane of the sample perpendicular to the ion beam 
column.  The eucentric height should be set to 15mm for the electron beam 






Figure 3.1: Schematic of ion beam and electron beam coincidence at ‘eucentric 
height’ [188] 
For the milling purposes, a voltage of 30kV is used as the ion beam accelerating 
voltage as the manual suggests. The reason was discussed in section 3.2.1.1. 
The electron beam accelerating voltage was selected to be 10kV.  
The electron beam image and the ion beam image were consecutively used to 
focus on the sample and when these positions coincided, the distance is set to 
be the free working distance by pressing ‘Link Z to FWD’. The electron beam 
view and the ion beam view of the fibre tip are shown in figure 3.2 
The next step is the patterning process. This is the process of milling a pattern 
into the sample surface with the ion beam. Firstly, platinum was deposited on 
the fibre tip. This prevents any drift and damage of the sample. Because 
platinum is a conducting material, it can stop charge building up on the sample 
surface by conducting it to the ground. The fibre tip after the deposition of the 
platinum layer of 1 micron thickness is shown in figure 3.2. The beam current 
used for the platinum deposition was 0.5nA and, to deposit a 24micron 
diameter and 1 micron thick layer of platinum, it took approximately 13 
minutes.  Figure 3.3 shows the fibre tip after deposition of platinum. The two 










Figure 3.2: (a) Electron beam image of the fibre tip, magnification x739, scale bar 
30 um  (b) ion beam image of the fibre tip, magnification x5000, scale bar 50 um 
   
Figure 3.3: Deposition of platinum layer of 1 µm thickness at the tip of the fibre, 





Once the platinum layer was deposited, the milling pattern was created and 
the milling started. The milling profile was kept as a cylindrical shape at the 
centre of the fibre tip. Figure 3.4 shows the cavity milled using an ion beam 
current of 5nA. It took 49 minutes to mill a 21 µm diameter and 9 µm deep 
cavity. Table 3.1 shows the milling times taken for different cavity volumes.  
 
Figure 3.4: Cavity inscribed at the tip of the optical fibre (diameter= 21 µm, cavity 
length ~9μm), magnification x1039, scale bar 40 um 
 
















6 , 7  120.09 0.3 73  
5 , 8  86.54 0.5 35  
7 , 9 162.94 1 40  
7 , 10 163.94 3 14  
12 , 8  460.34 5 14  
16 , 8  812.25 5 25  
18 , 9  1026.87 5 33  
20 , 9  1265.64 5 49  
 
According to table 3.1 it is clear that milling time is a function of milling volume.                
As the milling volume increases milling time increases whereas when milling 





is increased the re-deposition of the material is increased significantly as will 
be discussed later.  
3.2.1.3 Application of the diaphragm: 
The Parylene-C films used for the experiments were provided by the Faculty of 
Environmental Engineering and Graduate School of Environmental 
Engineering, The University of Kitakyushu, Japan.  Background information and 
advantages of use of Parylene-C films as a pressure sensitive diaphragm and 
thin films manufacturing procedure were discussed in chapter 2, section 2.4.6. 
These films had been deposited using chemical vapour deposition (CVD) on 
glass substrates coated with a sacrificial layer. They can be peeled off from the 
substrates in order to obtain self-supporting membranes for easy application 
onto the tip of the fibre. To dissolve the sacrificial layer, the substrates with 
parylene thin films were soaked in ethanol for 24 hours, after which the film 
was easily peeled off from the substrate. A parylene film floating in ethanol is 
shown in figure 3.5. The thicknesses of parylene films were 200nm as 
confirmed by the quartz crystal microbalance measurements at the University 
of Kitakyushu, Japan.  
 
Figure 3.5: Detachment of the films from the substrate by soaking in ethanol 






Figure 3.6: Attachment of the Parylene-C film to a metal washer 
The film was deposited on to the tip of the fibre using the setup shown in figure 
3.7. The idea of this method is to use the self-supporting properties of the 
Parylene films to make the attachment between the film and the fibre tip. The 
fibre with the FIB created cavity was setup on the micro stage, as shown in 
figure 3.7. Such that the fibre could be moved forwards/ backwards in m 
steps. The washer with the Parylene film was kept stationary. As the fibre 
approached the film, the film would be attached to the fibre tip and detach 









Figure 3.7: Attachment of the film to the tip of the fibre using a micro stage 
Once the film is attached, the fibre optic Fabry-Perot pressure sensor is ready 
for testing.  
 
 





3.2.2  Splicing with fibre capillary tubing 
This section will describe the method of creating the cavity of a fibre Fabry-
Perot pressure sensor by splicing fibre capillary tubing to the tip of the fibre.  
3.2.2.1 Splicing Procedure: 
A single mode(SM) optical fibre with an operating wavelength range of 780- 
970nm, by HP ‘Thorlabs’ and the fibre capillary TSP075150 flexible fused silica 
capillary by ‘CM scientific’ were used for Fabry-Perot sensor fabrication. This 
capillary has an inner diameter of 75 µm and outer diameter of 150 µm, which 
includes a polyimide coating of 12 µm thickness. The polyimide coating should 
be removed in order to successfully splice the capillary to the SM fibre. The 
polyimide coating could be removed by holding the capillary in an open flame. 
This is an easy, quick and effective way of removing polyimide. In this way 
polyimide will carbonize and flake off. Isopropanol was used to remove the 
residual carbonized flakes from the capillary.  
For splicing purposes, a Fujikura FSM 100MP fibre splicer was used. This splicer 
provides standard splicing modes for single mode-single mode (SM-SM) fibre 
splicing. However, it does not provide any standard automated mode for the 
SM-capillary spicing. If the standard SM-SM is used for this purpose one can 
observe that the capillary tubing may undergo a deformation at the splicing 
point as shown in figure 3.8. Therefore it is crucial to establish the correct 
splicing parameters in order to prevent deformation of the capillary tubing at 
the splicing point. The parameters that may affect the deformation are 
identified as the main arc power, pre-fusion power and gap set position of the 
two fibres. A comparison between the standard and adjusted splicing 






Figure 3.8: Using standard SM-SM for splicing result in a deformation of capillary 
 








After using the settings described in table 3.2 the splicing point was achieved 
without any deformation and it is shown in the figure 3.9  
 
Figure 3.9: SM-Capillary mode for splicing  
The next step is to cleave the capillary to the required cavity length. The main 
challenge in cleaving is to achieve a cavity length of µm range. To assist with 
Parameter SM-SM mode SM-Capillary 
Main Arc 
power 
Standard (STD) STD -216bit 
Perfusion 
power  
Standard (STD) STD -85bit 
Gap set 
position 
Centre L-15 micrometre (15 microns 
left from the centre) 
Splicing point (deformation of the capillary) 
SMF Fibre capillary  
Splicing point 





precise cleaving the process was conducted using a microscope to view this 
fibre. First, the splicing point was coincided with the cleaver blade by viewing 
it through the microscope. Then the fibre was withdrawn to the length of the 
cavity from the cleaver blade position using the micro stage. Finally the cleaving 
was done. The setup is shown in figure 3.10.  
 
Figure 3.10: Fibre cleaving setup 
Figure 3.11 shows the microscopic image of the fibre optic Fabry-Perot cavity 
after cleaving.  
 













3.2.2.2 Application of the Diaphragm: 
The parylene film was attached to the end of the FP cavity as shown in figure 
3.12. The fibre with the cavity was gently tipped towards the Parylene film 
which is floating on the liquid. Once its attached to the tip the fibre was taken 
out from the liquid and kept vertical. This will allow the film to be stretched and 
attached to the tip firmly as the film dries due to electrostatic interaction. 
 
Figure 3.12: Application of the Parylene- C film  
Figure 3.13 shows the fibre optic Fabry-Perot sensor ready for testing after the 
attachment and drying of the Parylene diaphragm. 
  










3.3 Experimental setup and signal processing techniques 
Figure 3.14 shows the experimental setup used for testing and calibration of 
the pressure sensor. A pressure pump was used to control the pressure inside 
the pressure chamber. The system is sealed and the pressure change due to 
the infusion/withdraw of the air was monitored by the commercial ‘Extech HD 
750’ differential pressure manometer or the Integrated Silicon pressure sensor 
MPX4250. These two devices offer two dfifferent pressure ranges.  
 
Figure 3.14: Experiment Setup for testing and calibration of the fibre FP pressure 
The Extech 750HD comes with a user friendly software interface that allows the 
user to visualise and save the data in real-time. The Extech 750HD by Extech 
has a pressure limit of 5psi (~34 kPa). The MPX 4250 pressure sensor by 
freescale semiconductors was used with a DAQ board by National Instruments 
and LabVIEW interface, which was used for recording and visualising the 
voltage output related to the applied pressure. The maximum measurable 
pressure is 250 kPa for the MPX 4250.  
A halogen broadband light source was used for sensor interrogation, since it 
provides a wide bandwidth (wavelength range of about 300-2400nm).  The 
reflection interference fringe pattern was captured using an Ocean Optics USB 
2000 spectrometer, which was connected to the computer. The software 





visualisation and saving of the spectra with desired spectral sampling 
frequency.  
Figure 3.15 shows an example of the reflection spectrum observed for a sensor 
before and after the application of parylene film. The cavity related to the 
spectrum is shown in figure 3.15 (a) with a cavity length of 62.64 µm. The Blue 
line shows the baseline before the application of the film. The shape of the 
baseline is due to the dark current. The red line graph shows the spectrum after 
the application of film. The baseline reflection spectrum turns into an 
interference fringe pattern due to the application of the film to the tip of the 





Figure 3.15: (a) image of the fibre tip, showing the dimensions of the cavity (b) 
The reflection spectrum of the FP pressure sensor recorded before (blue) and after 





The pressure in the chamber is measured and recorded with its time stamp. 
The wavelength spectrum is also recorded with its time stamp. A Labview based 
software is then used to analyse the spectrum. The peak detection virtual 
instrument (VI), provided with LabView, was included in the program to detect 
the peak. The VI fits a polynomial to the data to identify the wavelengths of the 
peaks. Data is synchronized with their time stamps. For the peaks, the 
wavelength shift over the time is extracted. Then, for a selected wavelength, 
the pressure and the wavelength change were plotted against time.  In this 
way, the pressure sensitivity of the FP pressure sensor is obtained in terms of 
wavelength change per unit pressure change. 
According to figure 3.15, the cavity length can be approximated using the 
mathematical equations discussed in chapter 2 for fibre Fabry-Perot 
interferometry. For the cavity length 62.64 m, the simulated interference 
fringe pattern (using the mathematical model detailed in chapter 2) was 
plotted for the wavelength range of 660 nm – 860 nm. The number of fringes 
obtained is 44 whereas the experimentally observed number of fringes is 42. 








Figure 3.16: Simulated reflection spectrum of fibre optic Fabry-Perot sensor for a 
cavity length of 62.64 µm 
 
3.4 Results  
3.4.1 Sensor 1 -FIB based sensor  
This section will discuss the results for the sensor with cavity fabricated using 
the approach detailed in 3.2.1.1 and the diaphragm applied using the method 
described in section 3.2.1.3. The cavity length is 8.7± 2 m. Diameter of cavity 







(a)                                               (b) 
Figure 3.17: FIB images of the sensor (a) fibre Fabry-Perot cavity fabricated using 
FIB milling, maginification x1039,scale bar 40 µm  (b) Fibre Fabry-Perot sensor 
with the parylene film, magnification x814, scale bar 50 µm   
Figure 3.17(a) shows the fibre optic FP cavity and figure 3.15(b) shows the FIB 
image of the fibre optic FP pressure sensor after depositing the parylene 
diaphragm.  
Once the diaphragm is applied, an interference fringe pattern can be observed. 
The interference fringe pattern is shown in figure 3.18. The pressure and the 
wavelength changes were plotted against time and are shown in figure 3.20. In 
this plot, the red curve represents the wavelength behaviour of the spectrum 
peak, initially at 734 nm (in figure 3.18) in response to pressure change. The 
simulated spectrum for the cavity length 8.7 µm is shown in figure 3.19. The 
uncertainty in the measurement showed 30% with respect to the number of 
fringes obtained The fringes observed in figure 3.18 have more structure when 
compared to the fringes obtained in figure 3.15. This structure has contributed 
significantly to the error indicated above. The structure may be a result of the 







Figure 3.18: The interference fringe pattern of sensor 1. The blue curve 
corresponds to the fringe pattern when the sensor is kept under normal 
atmospheric pressure and the red line indicates the shift of the wavelength when 
the pressure decreased by ∆𝑃 =15 kPa 
  
Figure 3.19: Simulated FP sensor interference fringe pattern for 660-860 nm 






Figure 3.20: The pressure and wavelength change with the time. The blue curve 
represents the pressure response with the time and the red curve shows the 
wavelength change of the peak at 734 nm with time 
By observing figure 3.21 it is noted that the measured wavelength change of 
the peak was noisy when the pressure was <10 kPa. The pressure and 
wavelength data for pressures <10 kPa are plotted and illustrated in figure 3.21 
for increasing pressure (blue) and decreasing pressure (red). 
 
Figure 3.21: Pressure data against the wavelength data plotted for pressure less 








Below 10 kPa, the relationship between pressure and wavelength is not clear. 
This may be because the film is not under a pretension before applying the 
pressure. Therefore, at lower pressure, the film is not behaving linearly with 
pressure. The relative wavelength change with pressure change, within the 
range 10-80 kPa, is plotted and illustrated in figure 3.22 for a pressure increase 
and pressure decrease cycle. This was plotted using the synchronous pressure 
and wavelength data. For each pressure related peak, the wavelength shift was 
plotted.  The drift in the zero measurement is due to the measurement 
uncertainty coming from the viscoelastic nature of the film and film 
permeability which will be dicussed in detail in section 3.5. This drift in the zero 
measurement is a problem in data reproducibility. It can be also noted that 
pressure increase and pressure decrease follow two different paths and show 
hysteresis. The anaomaly circled on figure 3.22 due to a sudden change in the 
air flow into the pressure chamber due to friction of the syringe pump. The 
behaviour of figure 3.22, could be related to equation 2.40, in chapter 2. In 
chapter 2, it was discussed that for smaller pre-tension, sensitivity of the sensor 
is a function of pressure. As pressure increases, wavelength sensitivity is 
decreased.  
The calibration curve with the standard deviations, were plotted based on 10 
repeated measurements. One measurement is one pressure cycle from 0-80 
kPa. Figure 3.23 shows a linear fit to the data obtained for increasing the 
pressure over the range 10-80 kPa. It indicates a correlation coefficient of about 
0.98 for the linear fit. The average sensitivity for a pressure cycle can be given 
as 0.57 nm/kPa with a root mean squared error of 2.081 nm/kPa. For the same 
data, a quadratic function was fitted to check the correlation as shown in figure 
3.24. Figure 3.25 shows the linear calibration curves plotted for decreasing 
pressure and figure 3.26 shows the quadratic calibration curve fitted for the 






Figure 3.22: Pressure data against the wavelength change data plotted for pressure 
range 10 kPa- 80 kPa. Blue curve for pressure increase and red curve for pressure 
decrease 
The qaudratic fit offers higher precision over the linear fit resulting in a higher 
coefficient of correlation of 0.99. Root mean square error was reduced to 1.18 
nm/kPa when using the quadratic fit. Moreover, the second derivative of the 
quadratic fit provides information about the direction of the pressure 
application (increasing or decreasing).  
For the decrease of pressure, a sensitivity of 0.62 nm/kPa was observed with a 
root mean square error of 3.74nm/kPa (figure 3.25). However, the quadratic fit 
reduced the root mean square error to 1.906nm/kPa for the same decreasing 






Figure 3.23: Linear calibration curve fitting for pressure increase 
 






Figure 3.25: Linear calibration curve fitting for pressure decrease 
 















3.4.2 Sensor 2- Capillary tube based sensor, applying the film 
using the movable stage 
This section will discuss the results obtained from Sensor 2. Sensor 2 was made 
with the Fabry-Perot cavity splicing method described in section 3.2.2 and the 
diaphragm application method described in section 3.2.1.3. Figure 3.28 shows 
the microscope image of the fabricated FP sensor. The cavity length is ~84.58 
m and the diameter is 70 m. 
Figure 3.28 shows the interference fringe pattern obtained for the sensor. In 
the wavelength window of 720nm-740nm 7 fringes could be observed.  The 
simulted interference fringe pattern obtained for a cavity length of 84.58 µm is 
shown in figure 3.29. The uncertainty in the number of fringes can be given as 
22%. Therefore the cavity length can be given as 84.58 µm ± 18 µm. The 
uncertainty due to the limited wavelength resolution (figure 3.28) is minimised 
by using the LabVIEW peak detection function that fits a quadratic polynomial 
to the spectrometer data.  
Figure 3.30 presents four examples of pressure and wavelength behaviour of 
the sensor with time. These figures provide good indication of the sensors’ 
behaviour to different functions of pressure.  Moreover, it is noticeable that 
the drift in the wavelength response is quite significant when the pressure is 
increased slowly than when the pressure increased faster. When air is infused 
to the pressure chamber, the film tends to oscillate due to the wind and the FP 
tip orientation against the wind flow results in these fluctuations. When the air 
is infused at a slower rate, this drift is significant. It is also visible that the 
pressure drops below and wavelength rises above the starting values due to air 














Figure 3.27: (a) Microscopic image of the fibre sensor 2 with cavity length of 84 µm 
(b) transmission microscopic image of the fibre tip of the sensor with the film 
 
Diaphragm applied 









Figure 3.28: The interference fringe pattern of sensor 2. The blue curve 
corresponds to the fringe pattern when the sensor is kept under atmospheric 
pressure, while the red line indicates the shift of the wavelength when pressure 
decreased by 0.8kPa is applied 
  
Figure 3.29: Simulated FP sensor interference fringe pattern for 720-740 nm 






         
 
                                           
         
 
 
                  
Figure 3.30: Four examples of pressure and wavelength changes with time for 
sensor 2, pressure was changed as four different functions of time 
It can be seen that the wavelength change of a particular fringe is a function of 
pressure. Figures 3.31 and 3.32 show the calibration curves for the pressure 





from 10 repeats. The data shows a good linear response with a correlation 
coefficient of 0.9. The sensitivity to pressure increase is 0.86 nm/kPa, with a 
root mean square error of 0.3 nm/kPa and to pressure decrease it is 1.2 nm/kPa 
with a root mean square error of 0.9 nm/kPa.  At a pressure of 12 kPa, the  
centre deflection of the film can be calculated using equation 2.36 as 23.8 µm.  
  
 
Figure 3.31: Calibration curve for the wavelength and pressure data for the 
pressure increase  
 
 
Figure 3.32: Calibration curve for the wavelength and pressure data for withdraw of 
air 
 






The larger negative values in pressure and wavelength seen in figure 3.32 
indicates the air leaking of the pressure chamber. 
 
3.4.3 Sensor 3- Capillary tube based sensor and applying the wet 
film to the tip 
The results described in this section are for the sensor made using the cavity 
splicing method described in section 3.2.2.1 and the film deposition method 
described in section 3.2.2.2 (applying the wet film to the tip and drying it out). 
Figure 3.33 shows the microscope view of the optical cavity of the sensor with 
cavity length of 87.41 µm. Figure 3.34 shows the reflection spectrum of the 
interference fringe pattern of the FP sensor. Figure 3.35 shows the baseline test 
done for the sensor without applying any pressure load. This test was done to 
ensure whether there is significant drift in the wavelengths before application 
of any pressure. A number of peaks were selected and their peak wavelengths 
were plotted against time. The baseline was showing a maximum deviation of 
± 0.1 nm without applying any pressure. This concludes that no external 
variables are affecting the wavelength changes of the sensor other than the 
variable changes induced by the pressure difference.  
 
Figure 3.33: Microscopic image of the fibre sensor 3 with cavity length of 87 µm 
 
Figure 3.36 presents four examples of pressure and wavelength changes with 
time. The drift in the pressure is due to the air leak in the pressure chamber/ 





pressure drift mentioned above and  air penetration through the film is 
discussed in section 3.5 in detail. This drift is a problem in reproducibility of the 
measurments. This could be overcome by using a stable film. Figure 3.37 shows 
the wavelength shift for the pressure range of 0- ~20 kPa for one pressure cycle. 
Figure 3.40 and figure 3.41 show the calibration curves for the pressure 
increase and pressure decrease data. These data were plotted for 10 
repetitions.  
 













Figure 3.36: Pressure and wavelength changes with time for sensor 3, pressure 
was changed as four different functions of time 
  
Standard deviation 0.07nm 
Standard deviation 0.09nm 
Standard deviation 0.09nm 
Standard deviation 0.08nm 





According to the figures 3.37 and 3.38 it is clear that the sensors have a linear 
response to the pressure and shows a linear correlation coefficient ~0.98. 
However, the sensor performace is limited by the drift, as shown in figure 3.39. 
The sensitivity for increasing pressure was 0.11 nm/kPa with a root mean 
square error of 0.0706nm/kPa over a range of 0-16 kPa. The sensitivity for 











Figure 3.38: Calibration curve for the pressure decrease data 
 
3.4.3.1 Step Response and time response  
Figure 3.39 shows the step pressure response of the FP pressure sensor. This 
test was conducted over a time period of about half an hour. 
 
 
Figure 3.39: Step pressure response of the FP sensor, circled region is plotted 






Figure 3.40: Response time of the wavelength to the pressure for a pressure step 
change. This graph is the magnified section of circled section of figure 3.39  
The circled section of figure 3.39 was plotted again as figure 3.40 to calculate 
the response time for the sensor. As pressure increased through a step index 
within 3s, the wavelength increases the step change taking 6 seconds. 
Therefore the time response for the sensor can be given as 3s. Frequency 
response is hence 0.3Hz. 
The calibration curve for the above step changes were plotted for the pressure 
increase and decrease on the same graph, as shown in figure 3.41. A noticeable 
increase in the hysteresis can be observed during the step response. The 
increase pressure showed 0.10 nm/kPa where decrease/withdraw pressure 








Figure 3.41: Calibration curves for the step response 
 
3.4.3.2 Temperature Response 
The temperature may affect the sensor response in two ways. As the 
temperature increases due to the thermal expansion of the silica fibre the 
cavity length may change. This change will introduce a wavelength shift. The 
second reason is as that the temperature increases, the air trapped in the cavity 
may undergo a volume increase due to the internal kinetic energy increment 
caused by the temperature increment. Therefore the temperature response of 
the sensor was investigated using the setup described figure 3.42. The FP 
sensor was inserted inside the oven. The temperature inside the oven was 
measured using a BME 280 temperature, pressure and humidity sensor. This 
was connected to a computer, as shown in figure 3.42. The reflection spectrum 
of the FP sensor was recorded and observed using an Ocean Optics 
spectrometer connected to the computer. The sensor was illuminated using a 










Figure 3.42: Experimental setup for temperature measurements 
Figure 3.43 shows the temperature response curve plotted for the FP sensor. 
According to the figure there is a sensitivity of about 0.08 nm/0C.  
 
Figure 3.43: Wavelength and pressure as a function temperature 
With this result it is clear that wavelength change of the FP sensor is not only a 
function of pressure, but it is a function of both temperature and pressure. The 
temperature sensitivity of the sensor is significant figure when compared with 
the sensitivities of the three sensors described above.  If the measurements are 
done in a temperature static environment this may not affect the pressure 






may give inaccurate pressure measurements. Therefore temperature 
compensation methods should be identified. This is discussed in detail in 
section 3.5.  
3.5 Discussion, Conclusions and future works 
Three implementation methods of a miniature fibre optic pressure sensor for 
air/fluid pressure sensing in invasive medical applications were demonstrated. 
The limitations of the sensor and future work is detailed in this section.  
Sensor 1 where the cavity was formed using FIB and Sensor 2 where the cavity 
was formed using capillary tube both exhibit hysteresis.  A possible reason 
could be the weak bond between the pressure sensitive diaphragm and the 
fibre tip.  This will result in a negligible initial stress on the film. In chapter 2, 
equation 2.36 and 2.38 dicussed the sensitivity and the deflection of the film 
with negligible initial stress.  According to these equations the sensitivity is a 
function of pressure and sensitivity drops as the pressure increases. This was 
observed for the calibration curves of sensor 1 and 2.  The film attachment 
method used in these sensors may suffer from certain limitations.  Although 
Parylene films are self-supporting, over the time of use the film may loosen its 
attachment to the fibre tip and this may cause air leakage from and out of the 
FP cavity and therefore may lose their performance. But the attachment 
method used in fabricating the sensor 3 is quite promising. As the film dries the 
edges will be sealed therefore making a good attachment and providing a 
durability to the film attachment.  
The cavity inscription method used for the sensor 1 using FIB is a promising 
method. Nevertheless, there is a compromise between the milling time and the 
quality of the cavity.  To mill a cavity of 21 µm diameter and ~9 µm depth, takes 
around 49 minutes (Table 3.1), using a high current of 5nA.  For one sensor this 
is excessive amount of time and associated cost.  As the milling current 
increases, the milling time can be reduced by compromising on the quality of 
the cavity. Figure 3.44 shows the cavity after making a cross-section. This cavity 





set to 7 µm.  As the figure shows, when milling small diameter cavities, there is 
redeposition of the material. This is a common issue which has been reported 
previously and relates to the milling of silicon based samples [189], [190]. 
During the experiments based on cavity based on FIB, this was a limitation. 
Some of the sensors did not produce fringes after application of the film. 
Compared to the cavity dimensions this redeposition may cause scattering of 
light. This issue can be eliminated by increasing the diameter of the cavity, 
which will increase the required milling time.  
 
(a)                                                             (b) 
Figure 3.44: SEM cross sectional view of the cavity,a) without measurements of the 
cavity, scale bar of 3um b) with measurements of the cavity, scale bar of 1um  
For smaller cavity lengths it was observed there is a structure added to the 
fringe pattern (figure 3.18). Another example is given in figure 3.45, observed 









Figure 3.45: Interference fringe pattern observed with envelopes for FP cavity 
formed using FIB 
For all the sensors, noise in the wavelength response may be due to a couple 
of reasons. In these experiments the fibre tip in the chamber sits horizontally 
and the air flows into the chamber vertically, this may introduce vibrations in 
the sensor and hence wavelength oscillations. As will be explained in the 
subsequent section, air diffusion continously through the film due to the air 
permeability, will also cause noise and drift in the wavelength response.  
3.5.1 Hysteresis  of the pressure sensor  
The hysteresis of a sensor can be described as the maximum difference in 
output at any measured value within the sensor’s specified range when 
approaching the point first with increasing and then with decreasing the input 
parameter [191]. This phenomenon causes instrument performance to vary 
depending on the direction of the applied input signal. In general, a commercial 
sensor’s accuracy is a function of hysteresis, linearity and repeatability as 
defined in International Electrotechnical Commission standards IEC 61298-2 
[192],[193],[194]. The hysteresis of a pressure sensor can be in two forms:  
mechanical hysteresis and temperature hysteresis [195]. Mechanical hysteresis 
is the output deviation at a certain input pressure when the input is first 
approached by increasing and then decreasing pressure. Temperature 
hysteresis is the output deviation at a certain input pressure before and after a 





different components for a device but as the total hysteresis [196].  This 
hysteresis behaviour can be realted to the viscoelasticity (viscous and eleastic 
properties) properties [197] of the parylene film. Viscoelasticity is the property 
of  material that exhibits both viscous and elastic characteristic when 
undergoing deformation. Applied stress results in an instantaneous elastic 
strain followed by a viscous, time dependent strain. Unlike in purely elastic 
material, when a viscoelastic material is loaded some of the energy is dissipated 
as heat. Therefore, when the load is removed, viscoelastic materials possess a 
hysteresis.    
One study has been reported in the literature [198] where hysteresis was 
studied specifically for optically-addressed diaphragm pressure sensors. The 
sensor used in that study was a ferrule based, single mode fibre optic Fabry- 
Perot pressure sensor. The application area for this sensor was the 
measurement of the pressure in wind tunnel experiments and therefore 
aluminium and copper foil diaphragms of thickness of 38 𝜇𝑚 and 12 𝜇𝑚 were 
employed.  This study of the hysteresis effects considered the diaphragm 
material, diaphragm bonding material, attachment to the ferrule and the 
properties of the air confined in the cavity. Mechanical hysteresis, which is 
inherent to the diaphragm material, contributes to the total hysteresis 
significantly. This study also concluded that the diaphragm bonding with no 
edge support (film is not supported at the edges) has lower hysteresis 
behaviour when compared with an edge supported diaphragm. The study 
concluded that the air confined in the cavity does not make a significant 
contribution to the hysteresis observed during quasi static pressure but it may 
effect at high temperatures and high frequencies or at subatomic pressure due 
to the diaphragm deflecting outwards, resulting in problems such as diaphragm 
buckling and loss of reflected power.  
The hysteresis error with respect to the sensors described in this thesis can be 
approximated using the following explanation. The maximum deviation with 
respect to the measurable full range is considered as the hysteresis error. This 





















                  3.2 
Hysteresis was observed for all of the sensors. Table 3.3 shows the hysteresis 
calculations for the optical fibre pressure sensors.  
Table 3.3: Hysteresis calculation comparison table 







 × 100%  32% 














 × 100% 12% 
 
Sensor 3 has been tested for dynamic and static pressure response as discussed 
in the results section 3.4.3. Therefore, the errors of the static and dynamic 
response were calculated with respect to their calibration curves as shown in 
figure 3.47 and figure 3.48. 
 
Figure 3.47: calibration curve for dynamic pressure measurements 
  
Figure 3.48: calibration curve for step pressure measurements 
Max error = 0.37 





The percentage error for the dynamic response = 15.74% and the percentage 
error for the step response =  1.821/4.57  × 100% = 40%. These results show 
that error percentage increases as the time bandwidth of the experiment 
increases. The above numbers conclude that the sensor experiences more 
hysteresis when the measurements are done for long periods of time. This may 
be due to that the differential pressure between the air cavity and the applied 
pressure is decreasing over time.  One possibility is the film air permeability. 
The air permeability/gas permeability of a polymeric film can be defined as in 
equation 3.3 [200] 
𝐺𝑎𝑠 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑎𝑠 ×𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 ×𝑡𝑖𝑚𝑒 ×𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑔𝑎𝑠
          3. 3 
Gas permeability is a constant for a specific material and describes the material 
property that defines the penetration of gas through a solid membrane. 
According to ISO 15105-1:2007 international standards [201]; coefficient of the 
gas permeability is the volume of gas passing through a plastic material of unit 
thickness, per unit area and unit time under unit partial-pressure difference 
between the two sides of the material.  As the thickness of the membrane 
decreases the amount of gas penetrating through the membrane increases 
when the membrane area, time and differential pressure of gas are kept 
constant. Moreover, the amount of gas penetrating through the film also 
increases as the differential pressure, time and membrane area increases. Gas 
permeability values of Parylene C films are provided in table 3.4 [202] 
Table 3.4: Gas permeability values for Parylene C  
Gas Permeability of Parylene C 
(cc*mm)/(m2 *day*atm) 
Nitrogen (N2) 0.4 at 250C 
Oxygen (O2) 2.8 at 250C 
Carbon Dioxide (CO2) 3.0 at 250C 






In accordance with equation 3.3, since the thickness of the film is in the nm 
range the volume of the gas penetrating will increase by a factor of 106. 
Moreover, as the time bandwidth increases more gas will penetrate through 
the film. This explains the reason of the increment of the hysteresis error during 
long periods of pressure measurements. For N2 at 25 0C, for a differential 
pressure of 27 kPa, over the time of the experiment (900 seconds), with a 
parylene C film with 200 nm thickness, and the effective radius of 35 µm, the 
amount of gas that penetrates can be calculated using equation 3.3.  This will 
result in an air penetration of 23 µm3/s.  Every second this air penetration 
causes the wavelength to drift and also introduces noise due to the fluctuations 
of the mebrane. 
One solution is to increase the film thickness considerably in order to prevent 
the gas escaping through the film during the long time of the testing. 
Nevertheless, it should be also noted that there is a compromise between the 
film thickness and the sensitivity as described in chapter 2.  
The use of polymer materials in food packaging is one of the largest growing 
market area and uses various methods to prevent the air permeability in the 
food packaging. In contrast to glass or metal packaging, packages made with 
polymer materials are permeable to air at different degrees depending on the 
material properties. In order to reduce the rates of diffusion of gasses through 
membranes, protective layers of metal foils are laminated on the films or films 
are metalized by vacuum sputtering [203]. The deposition of amorphous silicon 
oxide and other ceramics, or nanocomposites on polymer films are also 
reported [204]. These methods could also be adopted in order to reduce the 
air permeability of the Parylene films, in order to achieve the future potential, 
for the targeted applications.  
This is a very important factor to be considered in the development of the 
miniature FP pressure sensor for the context of invasive medical treatments. 
The measurement could be any gas, blood or any other liquid and according to 
Choudhury R.et al. [205] a material that is permeable to air is usually permeable 





3.5.2 Temperature effect and compensation 
The temperature sensitivity observed for the sensor was 0.08 nm/°C. 
Temperature compensation methods should be identified in order to obtain 
the sensors full potential. Temperature self-compensation by integrating FBGs 
into the FP pressure sensor is reported in literature [206]. This is done by 
multiplexing the FBG signal and FP signals.  
Another possibility reported in the literature is the creation two hybrid cavities 
to compensate for the temperature [207],[208]. This method will introduce 
two frequency components (one is an envelope of the other) to the net 
interference fringe pattern in which each frequency corresponds to a pressure 
or temperature. Using frequency domain signal analysis methods,  
temperature and pressure can be retrieved separately. However, there are 
limitations in this method as the elastic properties of the film are dependent 
on the temperature. 
In conclusion, the potential of a miniature, biocompatible fibre optic Fabry –
Perot pressure sensor with a sensor head diameter of 125 µm and a response 
time of 3 second has been achieved for invasive healthcare applications. 
However, the requirements for the targeted applications (chapter 2, table 2.1), 
requires higher sampling frequency and this sensor performance is not meeting 
the required sampling rates. For example, in cardiology the required standard 
sampling frequency is 200 Hz, and in urology it is 10 Hz. However, when 
compared with the commercial techniques in table 2.2, this is the smallest 
diameter sensor among them all. The pressure ranges and the sensitivity 
described in table 3.3 offered by these sensors are most suitable for health care 
intracranial pressure measurements [209] and arterial blood pressure 
monitoring in critical care [210],[211]. However, to achieve its full potential it 








Highly sensitive pressure sensor using an optical fibre Bragg 
grating embedded in a polymer patch layer: modelling and 
experimental validation 
4.1 Introduction 
The response of the reflection spectrum of an FBG sensor embedded into a 
patch to an applied transverse load depends on the longitudinal elongation of 
the grating. The quantity of the elongation of the grating is determined by the 
stress and strain fields acting along the grating. The working principle of the 
FBG sensor embedded in polymer patch is explained in detail in chapter 2. The 
need for a mathematical model and FBG simulation algorithm was explained in 
detail in section 2.13. In this chapter, the algorithm and the flow diagram of the 
developed simulation system based on ABAQUS and Matlab software are 
explained along with the obtained results. Experimental validation of the 
simulation results is also provided.  
4.2 Mathematical modelling of an FBG embedded in polymer 
patch 
As was discussed in chapter 2 section 2.3, although a FBG is sensitive to strain 
and temperature, it is less sensitive to pressure. The pressure sensitivity of a 
bare FBG is 0.00304 nm/MPa [173]. Typically the range of interest for contact 
pressure measurement is up to 1 MPa in a healthcare application such as 
prosthetics. Hence this sensitivity is not suitable for these applications.  As was 
explained in chapter 2 section 2.3.7, there are different approaches on how to 
enhance the sensitivity of an FBG towards pressure. This project focused on the 
embedding of an FBG in a polymer patch, which allows the translation of the 
transverse load into an axial strain.  However, the sensitivity of the FBG 
embedded in a polymer patch is heavily dependent on the physical properties 
of the patch, such as its shape, dimensions and its mechanical properties such 





it is important to optimise the design parameters described above. Hence a 
mathematical model for the FBG sensor embedded in polymer is very 
important.  The model of the FBG embedded in polymer patch consists of two 
main calculations. The stress/strain experienced by the FBG due to the 
transverse pressure is modelled with the aid of a finite element analysis (FEA) 
software.  The stress and strain values are then extracted and imported to 
Matlab for the transfer matrix formulism. The flow diagram in section 4.3 
describes this in detail. There are number of FEA software packages available, 
such as ANSYS, RFEM, ABAQUS, FreeCAD.  
ABAQUS has many advantages over the other FEA packages including its 
nonlinear performance, contact modelling capabilities, efficient substructures, 
and extreme deformation simulations [212]. The core foundation of ABAQUS 
omits linear assumptions and simplification and enables the ABAQUS 
developers to create much more realistic FEA tools to simulate virtually any 
form of complex real world physics, for example, the FBG pressure sensor 
comprised of a polymer patch and an optical fibre. ABAQUS provides the best 
contact algorithm when handling these different types of contacts between 
different assemblies. Especially in complex situations such as where the user 
would not know what kind of contact to be used, ABAQUS will decide the best 
type of contact by investigating the properties of each assembly. 
Thus, with these many advantages, the mathematical modelling of the FBG 
sensor was developed using ABAQUS/CAE finite element software. The finite 
element modelling of the sensor consists of several steps. 
1. Creation of the parts (fibre, patch and base) and assigning them 
material properties (Young’s modulus, poison ratio, density)  
2. Optimising mesh size 
3. Creation of assembly and selection of contact algorithm and boundary 
conditions  
4. Selection of geometric non linearity 





4.2.1. Creation of the parts and selection of material properties  
The basic model of the sensor system is comprised of the fibre and a polymer 
patch. This is shown in figure 4.1. This figure shows the patch with the size of 
6mm x 6mm x 1mm. The optical fibre is 8 mm in length.  
 
Figure 4.1: Finite Element model of the FBG sensor embedded in 6mmx6mmx1mm 
cuboid shape patch  
Realistically, for compression bandage pressure measurements, the FBG sensor 
within the patch should be kept between the skin and the bandage layers in 
order to measure the contact pressure experienced by the skin. Therefore, 
another part is added to the model which provides the base representing the  
square block of material. The Young’s modulus and Poisson ratio for each part 
are assigned separately. The fibre is assigned with 72 GPa and Young’s modulus 
of 0.4 [213] as these are the standard values for silica fibre. The values used for 
each simulation are tabulated separately in the relevant section of the thesis. 
Figures 4.2 and 4.3 show the cross section of the mesh of the optical fibre and 






Figure 4.2: Cross section of the FEM mesh of the single mode fibre (diameter 125 
µm) 
 
Figure 4.3: FE model of the FBG sensor with a base (polymer patch dimensions 
6mmx6mmx1mm)  
4.2.2 Optimising mesh parameters of the FBG 
The quality of the mesh is very important in finite element analysis to produce 
accurate results. Mesh density is a significant quantity that is used to control 
the accuracy. A highly dense mesh will produce more accurate results. 
However, if a mesh is too dense it may require a large amount of computer 
memory and long running times, especially in nonlinear analyses. Therefore, it 
is crucial to select the optimum mesh parameters in order to save the memory 
and time while producing acceptable, accurate results.  
The most common way to evaluate the mesh quality is by mesh refinement and 
interpretations of results discontinuities. In this method, the mesh is refined 









the fibre central axis was observed on a specific location (maximum strain 
value, at the centre of the fibre) of the FBG until it converged to one value.  For 
a transverse loading of 5MPa, the longitudinal strain was plotted along the axis 
of the fibre (figure 4.4) for each mesh refinement. Five different mesh sizes 
were considered. The global sizes of tested meshes are 1 mm, 0.5 mm, 0.1 mm, 
0.05 mm and 0.01 mm. The number of total mesh elements are 960, 1920, 
9600, 19200 and 128000, respectively.  
 
Figure 4.4: Longitudinal strain profile for a transverse loading of 5MPa along the 
fibre for different mesh profiles  
Figure 4.5 shows the longitudinal strain plotted for a specific point (middle of 
fibre) on the FBG, for the different mesh densities explained above. As the 
mesh density increases, the longitudinal strain also increases and after 19200 
elements mesh density further produces only minor increase (<0.0005) in 
longitudinal strain. Although it is reasonable to select 19200 elements, the 
optimum mesh global size was selected as 0.01mm (which is the finest among 
the meshes,) resulting in a total number of elements of 128000 . The reason to 





19200 element mesh only provides 60 FBG sections for transfer matrix method. 
The time for a simulation was 20 minutes.  
 
Figure 4.5: Longitudinal strain sensitivity to mesh density  
4.2.3. Selection of contact algorithm and interaction properties  
In order to make the parts (fibre, patch and base) to contact each other and 
produce accurate results for the loading conditions, it is important to define 
the types of interaction between the parts. 
ABAQUS provides two different contact algorithms, namely general contact 
and contact pairs. A contact simulation using contact pairs or general contact 
is defined by specifying surface definitions, contact interactions, surface 
properties, contact properties and numerical controls.  In many situations, it is 
not necessary to explicitly specify many of the aspects discussed above and the 
default settings are appropriate [214]. 
The general contact and contact pair algorithms’ implementations share many 
underlying algorithms.  General contact is a very quick and easy way of creating 





one single interaction, assuming that any surface can interact with any surface 
of the model. General contact uses tracking algorithms to ensure that contact 
conditions are effectively met.  Additionally, this method can be used on both 
rigid and deformable bodies.  
Considering all the advantages discussed above, in the finite element modelling 
reported in the thesis, the general contact algorithm was utilised for its 
convenience and accuracy.  
It is expected that, in reality, there will be adhesive type bonding between the 
fibre and the patch. Therefore, a tie constraint was introduced between the 
outer surface of the fibre and the inner surface of the patch. The tie constraint 
will tie the outer surface of the fibre and the inner surface of the patch together 
so that there is no relative motion between them. 
For the interaction between the polymer patch’s bottom surface and the top 
surface of the base, tangential behaviour was selected with a friction penalty. 
This is because it is believed the surfaces are not perfectly smooth and a non 
zero friction coefficient exists between the patch and the base. 
4.2.4 Extraction of stress and strain data to a text file 
Abaqus generated stress and strain values along the fibre for each trasverse 
load are written to the text files for each FEM simulation as shown in figure 4.6. 






Figure 4.6: stress/strain file generated using LabVIEW, this contains three columns 
for stresses in X, Y and Z directions and three columns for strain in X, Y and Z 
direction 
4.3 The FBG simulation algorithm structure  
Figure 4.7 illustrates the flow chart of the algorithm structure used to simulate 
the FBG response.  The detailed mathematical derivations are explained in 
chapter 2 section 2.3 
When birefringence is present due to the transverse stresses, the FBG 
reflection spectrum presents two separate peaks and the total reflectance is 
calculated using the formula 2.37 given in chapter 2.  
As is described in chapter 2 section 2.3.2, the number of sections (i.e. the 
number of uniform sections the FBG is divided into) used for the T-matrix 
calculations depends on the number of elements which was predefined in the 
mathematical FE model. Since the element size of the mesh was 0.01mm, the 
number of elements contains the FBG is equal to 300 elements (for a 3 mm 
long FBG). Hence the number of sections used for the t-matrix calculations is 
300.   
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Table 4.1: Input parameters for T-matrix calculations 
Parameter Value 
Axes x axis-  direction perpendicular to 
transverse load 
y axis- direction transverse load applies 
z axis-  fibre central axis 
FBG length 3 mm 
Design wavelength / Un-deformed 
wavelength 
1534.75 nm 
Initial effective refractive index  1.482[215] 
Bandwidth limits 1530 -1550 nm 
Resolution 1500 points 
Strain optic tensor coefficients P11 = 0.113 
P12= 0.252 
Poisson ratio of fibre  0.17[216] 
Young’s Modulus of fibre  75E9 Pa 
Peak value of the dc effective index of 
refraction 
2.5E-4[144] 
Number of sections for T-matrix 
calculations 
300 



















4.4 Model validation based on previous experimental and 
simulation results  
4.4.1 Simulated results obtained for longitudinal strain of a bare 
FBG 
The first simulation was conducted for longitudinal strain applied to a bare 
3mm long FBG. A typical germanosilicate fibre exhibits a 1.2 pm wavelength 
shift at 1550nm in the centre wavelength of a grating per applied 1𝜇  [141].  
 
Figure 4.8: Application of longitudinal strain to the FBG (3 mm long), arrows 
representing longitudinal tensile forces acting on the fibre 
Figure 4.8 shows the FE model of application of longitudinal strain to the FBG, 
while figure 4.9 illustrates the strain experienced by the FBG due to the applied 
longitudinal force. 
 





Figure 4.10 illustrates the simulated FBG reflection spectra for different 
longitudinal strain conditions.  The calculated wavelength shift with respect to 
the unstrained conditions is plotted in figure 4.11. According to the figure 4.11, 
the strain sensitivity of the FBG is 1.2 pm/𝜇 , which  agrees well with the 
theoretical value given in the literature [141]. 
 
Figure 4.10: FE Simulated FBG reflection spectra for different applied longitudinal 
strain 
 








4.4.2 Simulated results of bare FBG to transverse loading  
The objective of this section of the thesis is to reproduce results reported in 
[217] to validate the mathematical FBG model. In their work they have 
presented the numerical and experimental results of a single mode fibre 
experiencing a diametric loading.  The FEA model used for the simulations is 
shown in figure 4.12. In the model, the bottom surface of the FBG is fixed while 
the transverse line load is applied to the FBG as indicated by pink arrows in 
figure 4.12. The load is applied as load per length (N/mm). The length of the 
FBG is assumed to be 6mm and the design wavelength of the FBG is 1550 nm.  
 
 
Figure 4.12: FE model for the transverse loading of a 6mm long FBG is  (pink 
arrows indicate transverse load applied to the fibre. Boundary conditions applied to 






Figure 4.13: Strain experienced by the FBG along the x axis during transverse 
loading along z axis 
 
Figure 4.14: Strain experienced by the FBG along the y axis during transverse 
loading along z axis 
Figures 4.13 and 4.14 illustrate the results of the simulation of the strain 
experienced by the FBG along the x-axis and y-axis, respectively, where the 





spectral response for x and y direction, respectively. The wavelength shift of 
the FBG peak in the x-direction is more pronounced than in the y-direction. This 
is illustrated in figure 4.17. 
 
Figure 4.15: Evolution of the central wavelength of the FBG peak in x-direction for 
different transverse compression loading (N/mm) along z axis 
 
Figure 4.16: Evolution of central the wavelength of the FBG peak in y-direction for 







Figure 4.17: Graph of wavelength shift along x axis and y axis as a function of 
transverse load along z axis 
A wavelength sensitivity of 0.116 nm/(Nmm-1) is observed along the x-direction 
and a wavelength sensitivity of 0.0071 nm/(Nmm-1) is observed along the y-
direction. These results agree well with the results obtained by [217]. In Bosia’s 
work the experimentally observed sensitivity along the x-axis is 0.1 nm/(Nmm-
1) and along the y-axis all the experimental data lies below 0.1nm. This shows 
the simulated results compare well with Bosia’s experimental results. 
4.4.3 Results obtained for the locally embedded FBG with polymer 
patch to transverse loading 
The objective of this section of the thesis is to reproduce the experimental 
results reported in [175] to validate the mathematical FBG model. Correia R. et 
al. [175] reported the enhanced sensitivity of an FBG load sensor based on a 
subsection of a FBG embedded in a polymer resin. A 2mm long central section 
of the FBG is embedded within a 2mm x 2mm x 2mm polymer resin cube of a 
6mm long FBG inscribed in a single mode fibre (figure 4.18). When the polymer 





strain on to the fibre. Hence, a periodicity change is induced at the central 
section of the FBG. This will result in a phase defect in the FBG structure and 
hence a spectral dropout in the reflection spectra which is linearly dependent 
on the applied transverse load. Two resonant features (spectral holes) have 
been obtained and the experimentally determined sensitivity for the first and 
second order resonances were 2.93±0.01×10-2 nmN-1 and 2.82±0.05×10-2 nmN-
1. 
 
Figure 4.18: FBG embedded with polymer [175] 
Rouard’s method was used for the simulations and a uniform stress/strain 
distribution was assumed within the polymer patch. General hydrostatic stress-
strain relationships were adopted and non-linearity and shear stresses were 
not taken into account.  
4.4.3.1 Strain transfer efficiency and strain behaviour along the 
fibre axis for embedded FBGs 
When the FBG is embedded in other materials the axial strain profile 
experienced by the FBG is heavily dependent on the efficiency of the strain 
transfer from the embedding material to the FBG [218]–[221]. During strain 
measurements in structural health monitoring and related civil engineering 
applications, FBGs are bonded to the measured structure directly or 
encapsulated into structures with adhesives.  Therefore the accuracy of the 
strain measured is dependent on the bonding characteristics. As per Newton’s 
third law, when strain in the host material causes deformations in the 





material [222]. Due to the differences in the physical and mechanical properties 
of the embedded material, the strain transferred to the axis of the FBG is not 
always a uniform distribution. Ansari et al. [223] describe a theoretical model 
to investigate the actual strain transferred to the optical fibre. According to the 
results, strain transfer is highly dependent on the mechanical properties of a 
fibres’ protective coating and bonded length. Zhou J et al. [218] reported a 
finite element method that investigated the strain transfer characteristics of 
FBG sensors. The axial strain distribution of each different outer layer of the 
fibre sensor has been studied along with the effects of Young’s modulus of the 
adhesive, the bonding length and the thickness of the adhesive. The findings 
show that the axial strain experienced by the FBG is non uniform and the 
highest strain is experienced at the centre of the bonding.  The strain gradually 
decreases to zero towards the furthest end of the bond.  
The strain transfer rate from the bonding position can be defined as the ratio 
of the FBG sensor measured strain to the actual strain of the position and can 
be expressed as in equation 4.1 [219],[222],[224].  
𝛼 (𝑥) = 1 − 
𝑐𝑜𝑠ℎ(𝑘𝑥)
𝑐𝑜𝑠ℎ(𝑘𝐿)
                                        (4. 1) 
Where k is the shearing stress parameter which depends on the fibre’s Young’s 
modulus, the interlayer and host materials’ shear moduli and the radius of the 
fibre, interlayer, and host material. ‘x’ is the position along the bonded length 
(x=0 at the midpoint of the bonding length), ‘L’ is the bonding length. According 
to equation 4.1 the maximum strain transfer is achieved when x=0. This is due 
to the symmetrical nature of the structure. Since the fibre is free from the axial 
stresses at both ends of the bonding, the strain transferred to the fibre goes to 
zero.  
Moreover, as the bonded length increases, the strain transfer efficiency and 
the ratio of effective sensing length increases. As the stiffness of the adhesive 
increases, the sensing length also increases. These findings are illustrated in 






(a)                                                        (b) 
 
(c) 
Figure 4.19: Fibre axial strain profile along the length of the FBG (a) The strain 
transfer rate for different lengths of bonding (b)The strain transfer rate for different 
adhesive thickness (c)The strain transfer rate against different Young’s modulus 
values of adhesives [218] 
This behaviour of non-uniformity was observed in the simulations conducted 
in this project with FBGs embedded into polymer patches. Figure 4.20 shows 
the simulated axial stress experienced by an FBG of 6mm long embedded 
within the polymer patch of 2mm x 2mm x 2mm at the centre for a 14N load. 
At the centre of the fibre, more stress is experienced as discussed above. The 
strain experienced by the FBG embedded into the patch to different transverse 
loading is shown in Figure 4.21. As discussed above, at the centre of the FBG 
the maximum strain is observed. As the distance increases towards the end of 
the polymer patch the strain decreases gradually and reaches to zero at the 
two extremes of the polymer patch which is located at the 2mm and 4mm 






Figure 4.20: Axial stress profile along the length of the FBG 
 
Figure 4.21: FE simulated axial strain along the distance of the FBG for different 
transverse loading conditions, FBG length is 6mm, cuboid patch 2mmx2mmx2mm 
 
4.4.3.2 Analysis of spectral hole sensitivity of first and second 
order resonance to transverse loading  
This section describes the results based on the simulations done for the FBG of 
6mm, centrally embed in a polymer patch of 2mm x 2mm x 2mm.  The 
parameters used for the mathematical modelling are described in table 4.2. 








These values agree with the experimental and simulation results described in 
the paper [175].   
Table 4.2: Parameters for the mathematical simulation  
Parameter Value 
FBG length 6 mm 
Design wavelength / Un-deformed 
wavelength 
1553.1 nm 
Initial effective refractive index  1.4465 
Bandwidth limits 1548.1 -1558.1 nm 
Resolution 1500 points  
Strain optic tensor coefficients P11 = 0.121 
P12= 0.27 
Poisson ratio of fibre  0.17 
Young’s Modulus of fibre  71.7E9 Pa 
Young’s Modulus of Polymer 689 MPa 
Poisson ratio of Polymer 0.4 
Peak value of the dc effective index of 
refraction 
5E-5 
Number of sections for T-matrix 
calculations 
600 
Power coupling coefficients Px= 0.85 
Py=0.15 
 
Figure 4.22 shows the finite element model used for the simulations. As can be 
seen the fibre embedded with the polymer is sandwiched between two steel 
blocks. In this way, the transverse load can be applied uniformly to the patch. 
The uniform load is applied to the top surface of the top block as a distributed 
pressure load. The bottom surface of the bottom steel block is fixed. In this way 
the rotational and translational degrees of freedom are constrained for the 
bottom surface of the bottom steel block. A tie constraint has been used at the 
interface of the polymer block and the fibre. 





   
(a)                                                             (b) 
Figure 4.22: (a) Overview model (b) Side view of the model 
 
 
Figure 4.23: Mesh of the FEA model of the FBG embedded in polymer patch 
 
Figure 4.24 depicts the evolution of the reflection spectrum of the FBG sensor. 
As it was observed experimentally in reference [175] two resonance features 









Figure 4.24: Evolution of the simulated reflection spectra (reproducing [175]) of 
the FBG 6mm long embed with polymer 2mmx2mmx2mm cube at the centre under 
uniform transverse load 
Figure 4.25 shows the wavelength sensitivity of the first and second order 
resonance features, revealing that they show sensitivities of 2.88 x10-2  nmN-1 
and 2.78 x10-2 nmN-1 respectively, which  agree well with the experimental 
results obtained by Correia R. et al.    
The absolute wavelength obtained in this work is very similar to the 
experimentally observed results [175]. The reflection spectrum obtained by the 
model is similar to the experimentally obtained reflection spectra discussed in 
the paper including the first and second order resonance features developed 
during the application of transverse load. This is because in this work the non 
uniform strain distribution along the fibre central axis (Z axis) was considered 
rather than taking the average strain. Thus, the developed mathematical model 
for the FBG simulation has a good agreement with the real world experimental 
results.  
Resonant feature 1 
















Figure 4.25: Dependence of simulated the central wavelengths of the first and 
second spectral dropout to the applied transverse load  
 
4.5 Experimental validation of the results obtained for the 
mathematical modelling of the FBG of 6mmx6mmx1mm cuboid 
patch 
This section describes an experimental validation of the simulated results 
obtained for an FBG of 3mm length embeded in a cuboid shaped polymer patch 
with dimensions of 6mm x 6mm x 1mm. The sensor configuration is shown in 
Figure 4.26. The FBG is assumed to be located at the centre of the polymer 
patch i.e. the FBG starts at position 2.5mm up to 5.5mm along the z axis of the 
fibre. Figure 4.27 shows the FEA model used for the simulations. The material 
properties of the polymer are selected for considering the data sheet for 
Loctite AA 3926 as this was used as the polymer material throughout the 
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Table 4.3: Material properties for the FEA model 
Parameter Value 
FBG length 3 mm 
Design wavelength / Un-deformed 
wavelength 
1549.1 nm 
Initial effective refractive index  1.4465 
Bandwidth limits 1539.1 -1559.1 nm 
Resolution 1500 
Strain optic tensor coefficients P11 = 0.121 
P12= 0.27 
Poisson ratio of fibre  0.17 
Young’s Modulus of fibre  71.7E9 Pa 
Young’s Modulus of Polymer 143MPa 
Poisson ratio of Polymer 0.4 
Peak value of the dc effective index of 
refraction 
5E-5 
Number of sections for T-matrix 
calculations 
300 
Power coupling coefficients Px= 0.85 
Py=0.15 
 
Figure 4.26: An FBG ebedded in a cuboid 6mmx6mmx1mm polymer patch 
 










Figure 4.27: FEA model of an FBG with cuboid polymer patch (6mmx6mmx1mm) 
 
4.5.1 The behaviour of the axial strain of the 6mmx6mmx1mm 
patch to the uniform transverse loading 
As explained in section 4.4.3.1, the strain transfer to the optical fibre is heavily 
dependent on the mechanical and physical properties, such as shape, size and 
Young’s modulus of the embedding material. The centre of the embedded 
section of the fibre experiences the maximum strain transfer from the 
embedding material. It is therefore important to position the FBG at the centre 
of the polymer patch to achieve a maximum strain transfer. Moreover, it is 
important to increase the length of the patch with respect to the FBG in order 
to obtain a maximum strain transfer between the polymer patch and the FBG. 
Consequently, it is expected to observe uniform and maximum strain transfer 
along the axis of the fibre by doubling the length of the polymer patch (6mm 
long) for the 3mm long FBG. The simulated strain distribution for the sensor for 









Figure 4.28: The strain transferred to the axis of the fibre from the uniform 
transverse loading plotted over the distance along the fibre. The FBG located 
between 2.5mm to 5.5mm section. This is indicated by a dashed circle. 
The polymer patch lies in the 1mm to 7mm range along the z-axis of the graph 
and the FBG lies between 2.5mm and 5.5mm. As expected, the strain transfer 
efficiency and the uniformity have been increased by increasing the length of 
the polymer patch when compared to the strain experienced by the 2mm x 
2mm x 2mm polymer patch described in section 4.4.3.1, figure 4.21. Figure 4.29 
shows the axial strain plotted along the FBG length. Across the FBG region, a 
more uniform strain distribution has been observed compared to figure 4.21 
for the 2mm x 2mm x 2mm square cube patch.  
 







Figure 4.30 shows the evolution of the simulated reflection spectrum to 
uniform transverse pressure loading. The Bragg peak suffers a red shift with 
increasing transverse pressure load. The Bragg wavelength shift is plotted 
against the transverse pressure load and illustrated in figure 4.31. The 
simulated Bragg wavelength sensitivity of the sensor to the applied pressure is 
0.565 nm/MPa. High positive linearity is observed with a correlation coefficient 
of 1. The next section of the thesis discusses the experimental validation of 
these simulation results.  
 
Figure 4.12: Evolution of the reflection spectra of the FBG (3mm) embedded in the 
centre of the cuboid 6mmx6mmx1mm patch  
 






4.5.2 Experimental validation of the simulated results for the 
polymer patch of 6mm x 6mm x 1mm patch 
The experimental validation setup consists of a customized cantilever which 
was built to apply a weight load to the FBG embedded in a polymer patch. The 
setup is illustrated in figure 4.32. The FBG is connected to an FBG interrogator, 
SmartScan, from Smart Fibres Ltd, Bracknell, UK. The interrogator can be 
controlled by the user interface software provided by the company. A load cell 
was placed under the FBG to monitor the pressure applied to the FBG. The 
signal of the load cell was amplified by an instrumentation amplifier and then 
converted to a digital signal. At the far free end of the cantilever, an empty 
bottle, connected with a water pump is placed. Load is applied to the FBG by 
adding water into the bottle using an Arduino controlled water pump. Load is 
applied to the sensor in 50ml steps, which corresponds to 50mg of weight 
increment. The data from the interrogator and the data from the load cell are 
recorded simultaneously. The whole measurement procedure was repeated 
three times. The voltage values obtained by the load cell were converted to 
load based on the calibration of the load cell. 
 
Figure 4.32: Experimental setup for the characterisation of the transverse load 
response of an FBG embedded in polymer patch  
 
4.5.3 Embedment of the FBG in the polymer patch 
Figure 4.33 (a) shows a picture of the mould used to fabricate the sensor. A 





it sits in the middle of the patch. Although there are three wells in the mould 
only one mould is used for the sensor fabrication. This three well mould was 
used for another application initially and for this application centre well was 
used. The fibre is placed in the curing set up (shown in figure 4.33(b)), and 
secured at the two ends using magnets so that a pre-strain can be applied. This 
will make sure that bending of the fibre is avoided. Adjustments are made to 
the fibre to make sure the FBG is placed at the centre of the well by aligning 
the markers on the FBG and the centre of the well. Once the fibre is secured on 
the curing setup the polymer resin is poured into the well and cured for 5 
minutes with a 5 W UV torch (wavelength range: 365 – 370 nm). After the patch 
is cured, the patch is polished to make sure its surface is flat.  The polymer used 
was Loctite AA 3926, as discussed in section 4.5. The mechanical properties of 






Figure 4.33: (a) picture of the 3D printed mould used to fabricate the sensor (b) 
the curing setup 
The results obtained from the experimental validation have been plotted with 
the simulated result obtained on the same graph shown in figure 4.36. The 
experimentally obtained Bragg wavelength sensitivity is 0.595 nm/MPa and the 
6mm 
Mould 






simulated results agree well. Moreover, the simulated results always lie within 
the error limits (standard deviation) of the experimentally obtained results. 
 
Figure 4.34: Experimentally obtained Bragg wavelength sensitivity to the applied 
transverse pressure load 
 
4.6 Analysis of the simulated sensitivity of the FBG for different 
shapes of the polymer patch 
In this section the aim is to compare and evaluate the sensitivity of the FBG 
embedded in different shapes of polymer patches. A comparison between 
6mm x 6mm x 1mm cuboid patch, 6mm diameter disc patch and 6mm x 3mm 
x 1mm quasi rectangular shape have been simulated.  The Young’s modulus of 
the polymer patch has been kept constant at the same value (143 MPa) that 
was used for the above simulations in section 4.5.1 and section 4.5.2. The 
thickness was fixed at a value of 1mm throughout all the models. Moreover, 







4.6.1 The mathematical simulations of an FBG embedded centrally 
in a 6mm diameter disc 
Figure 4.35 shows the FE model of an FBG embedded in 6mm diameter disc.  
 
Figure 4.35: FEM mesh of the FBG (3mm) embedded in 6mm diameter, 1mm 
thickness polymer disc 
Figure 4.36 shows the strain distribution along the axis of the FBG. Compared 
to the FBG embedded in the 6mm x 6mm x 1mm cuboid patch, the strain 
transferred to the FBG has been increased in the 6mm diameter disc patch. 
Although the bonded length is the same, the strain transferred to the FBG due 
to the transverse load is dependent on the shape of the patch. The reflection 
spectrum shifts a red shift with the increase of the transverse pressure load as 
shown in figure 4.37. Figure 4.38 shows the simulated wavelength versus 
applied pressure. The wavelength sensitivity of the sensor to the pressure is 
0.6226 nm/MPa.  
This value is higher than the sensitivity obtained for the cuboid shape patch. 
This is due to the fact that higher strain values are transferred to the FBG from 
the circular shaped disc patch when compared to the strain transferred to the 










Figure 4.36: Strain distribution along the axis of the fibre for the FBG embedded in 
6mm diameter patch 
 
 








Figure 4.38: Simulated wavelength sensitivity of a 3mm long FBG embedded 
centrally in a 6mm diameter disc , 1mm thick circular disc to transverse pressure  
 
4.6.2 The mathematical simulations of an FBG embedded 
centrally in a 6mm x 3mm x 1mm quasi rectangular shape patch  
Figure 4.39 shows the FE model for the FBG embedded in a quasi-rectangular 
shaped patch. Figure 4.40 shows the strain distribution experienced by the FBG 
due to the transverse pressure loading on the quasi rectangular patch.  The 
strain values show more or less uniform strain transfer along the length of the 
FBG. However, the strain transferred to the FBG is much lower than on the 






Figure 4.39: FEM mesh for the FBG (3mm) embedded in a quasi-rectangular shape 
patch (6mmx3mmx1mm) 
 
Figure 4.40: Strain distribution along the axis of the fibre for the FBG embedded in 
a quasi rectangular patch  
 
Figure 4.41 demonstrates the evolution of the reflection spectra to different 
transverse loads. There is a shift towards the red end of the spectrum with the 
increment of the transverse load. 
The simulated sensitivity shows a value of 0.49 nm/MPa which is lower when 
compared to the cuboid shape and the circular disc shape. This is due to the 
fact that the strain transferred to the FBG from the quasi rectangular patch is 










Figure 4.41: Evolution of the simulated reflection spectrum of the FBG (3mm) 
embedded in quasi rectangular patch to different transverse pressure loading 
 
Figure 4.42: : Simulated wavelength sensitivity of a 3mm long FBG embedded 
centrally in a 6mm x 3mm x 1mm quasi rectangular shape patch to transverse 
pressure load for  
The highest sensitivity achieved was for the circular shaped disc patch. The next 
section of this chapter will compare the sensitivities of the FBG when 





4.6.3 Investigation of the pressure sensitivity of the FBG when 
embedded into different discs diameters  
Since the circular disc has the highest sensitivity among all the shapes, it is 
necessary to compare how diameter effects the sensitivity of the sensor. Three 
different diameters discussed and compared (5mm, 6mm and 7mm). The 6mm 
disc patch is already discussed in section 4.6.1. However, for comparison 
purposes some of the results are illustrated again in this section.  
Figure 4.43 illustrates the FEM mesh used for the simulations of FBG embedded 
in a 5 mm disc patch and 7 mm disc patch.  
      
(a)                                       (b) 
Figure 4.43: FEM mesh of the FBG (3 mm) embedded in (a) 5 mm diameter 1 mm 
thickness polymer disc  (b)7 mm diameter 1 mm thickness polymer patch  
Figure 4.44 depicts the simulated strain distribution obtained along the axis of 
the FBG. In contrast to the strain profile obtained by the FBG with 5 mm disc 
and 6mm disc; the strain profile of the FBG with 7 mm disc is more uniform 
throughout the length of the FBG.  
The wavelength sensitivities of the three different patches with different 







     
(a) 
 
                  (b) 
 
(c) 
Figure 4.44: axial strain profile of the FBG embedded in (a) a 5 mm disc patch (b) 











Figure 4.45: Wavelength shift of the Bragg Peak as a function of  transverse 







By observing the three graphs it can be seen that the highest sensitivity is for 
the 6 mm diameter patch. This observation encourages investigating the stress 
and strain distributions more closely for different diameters and in order to 
decide the optimum disc diameter to achieve a maximum strain transfer to the 
axis of the FBG.  
Figure 4.46 shows the axial strain along the FBG for patches with different 
diameters for a pressure load of 0.9 MPa. 
 
Figure 4.46: Longitudinal strain along the FBG for different diameter patches for 
0.9 MPa transverse loading  
According to the figure it can be observe that the maximum strain experienced 
at the centre of the FBG is dependent on the diameter of the disc patch. The 
maximum strain is transferred to the middle of the FBG is for 5.5mm diameter 
disc patch and the diameters less than that or higher than that experience a 
lower strain transfer.  
The deformation of the polymer patch due to the transverse load produces 
reaction forces on the fibre that in return produce longitudinal stresses. The 





forces acting on the fibre. This can be explained by observing figure 4.47. These 
reaction forces increase with the increase in the diameter of the polymer patch, 
whichi is due to the increase in the bonded length between the patch and the 
fibre. When the diameter is below 5.5mm, the increment of the reaction forces 
are dominant when compared to the increase in the area of the patch (due to 
the diameter increase) and hence the net longitudinal stresses are increased 
with the diameter. After a diameter of 5.5 mm the area increment due to the 
increase of diameter is dominant when compared to the reaction forces and 
hence the stresses starts to reduce.  The net longitudinal strain also starts to 
reduce. The maximum strain due to the transverse load is observed at 5.5 mm 
disc diameter.   
 
Figure 4.47: The reaction forces acting on the fibre due to the deformation of the 
polymer (red arrows: forces acting on the polymer patch, blue arrows: forces 
acting on the fibre) 
Figure 4.48 shows the wavelength sensitivity of the FBG due to the transverse 
loading when embedded in the 5.5 mm diameter patch. As expected, the 






Figure 4.48: Wavelength shift of the Bragg Peak as a function of  transverse 
pressure for 5.5mm diameter disc 
 
4.6.4 Comparison of the sensitivity of the FBG to different 
Young’s modulus of the polymer 
This section investigates the influence of the Young’s modulus of the polymer 
upon the FBG’s sensitivity to transverse load.  The Young’s moduli of three 
commercially available polymers were considered: Loctite AA 3926, with a 
Young’s modulus of 143MPa, Panacol Vitralit 1655 adhesive with a Young’s 
modulus of 44MPa and Loctite AA 3921 with a Young’s modulus of 20 MPa. 
Since the highest sensitivity was achieved for the 5.5 mm diameter disc with 1 
mm thickness, this shape has been used for the simulations.  
Figure 4.49 shows the evolution of the reflection spectra for the 5.5mm disc 
with a Young’s modulus of 44 MPa. Figure 4.50 shows the wavelength 
sensitivity of the Bragg peak to the transverse loading. The observed sensitivity 
is 0.786 nm/MPa and this is a 1.25 times increment of the sensitivity when 






Figure 4.49: Evolution of the simulated reflection spectrum of the FBG(3mm) 
embedded in a 5.5mm diameter disc patch with a Young’s modulus of 44 MPa, to 
different transverse pressure loading 
 
Figure 4.50: Wavelength shift of the Bragg Peak as a function of  transverse 






Figure 4.51: Evolution of the simulated reflection spectrum of the FBG embedded in 
5.5mm diameter disc patch with a Young’s modulus of 20 MPa, to different 




Figure 4.52:  Wavelength shift of the Bragg Peak as a function of  transverse 





Figure 4.51 shows the evolution of the reflection spectrum for the 5.5mm 
diameter disc with a Young’s modulus of 20 MPa. Figure 4.52 shows the 
wavelength sensitivity of the Bragg peak to the transverse loading. The 
observed sensitivity is 0.8179 nm/MPa where this is a 1.04 times increment of 
the sensitivity when compared to the polymer patch with 44 MPa Young’s 
modulus and a 1.31 times increment when compared to the polymer patch 
with 143 MPa Young’s modulus.  A summary of the results is included in table 
4.4 
Table 4.4 Summary of the results for the FE simulated FBG 






cuboid 6mmx6mmx1mm 143 0.565 
Quasi rectangle 6mmx3mmx1mm 143 0.4962 
Disc 5mm diameter, 
1mm thickness 
143 0.5893 
Disc 6mm diameter, 
1mm thickness 
143 0.6226 
Disc 7mm diameter, 
1mm thickness 
143 0.6122 
Disc 5.5mm diameter, 
1mm thickness 
143 0.6244 
Disc 5.5mm diameter, 
1mm thickness 
44 0.7862 




4.6.5 Birefringence effects for the patch sensor 
The work discussed above does not show any birefringence or nonlinear effects 
due to the fact that the pressure range discussed in healthcare (0-1MPa) is too 





the sensor starts to show birefringence. Therefore the initial design cuboid 
patch sensor of dimensions 6mm x 6mm x 1mm with 143 MPa Young’s modulus 
has been simulated to observe these effects.  
Table 4.5: Splitting of the FBG signal into two waves due to the birefringence for 
cube patch of 6mm x 6mm x 1mm with a Young’s modulus 143 MPa, X wave is 
representing the fast-axis and Y wave is representing the slow-axis. 
 
Load = 0.75 MPa 
 
Load = 3.75 MPa 
 






Load = 11.25 MPa 
 
Load = 15 MPa 
 
Load = 18.75 MPa 
 
According to the results included in table 4.5 it clearly can be seen when the 
load is less than 1 MPa, the cube patch does not show birefringence. 








Table 4.6: Splitting of the FBG signal into two waves due to the birefringence for 
disk patch of diameter 5.5mm with a Young’s modulus 20 MPa 
 
Load= 1.1 MPa 
 
Load= 1.5 MPa 
 
Load= 2.6 MPa 
 
According to table 4.6 the birefringence effects start to show after about 2.6 
MPa for a 5.5mm diameter disk with Young’s modulus of 20MP. Loads beyond 
these could not be applied to the FEA model due to the high distortion of the 
patch. However, these results give a good insight at what levels the nonlinear 







A mathematical model of an optical fibre Bragg grating embedded in a polymer 
patch for contact pressure measurement in healthcare has been presented. 
The model has been validated for previous obtained experimental results 
reported in the literature. The mathematical model is validated experimentally 
for a 3mm long FBG embedded in a 6mm x 6mm x 1mm polymer cuboid patch.  
According to the strain transfer characteristics of an FBG, the strain transfer 
rate from the embedded layer to the axis of the fibre is a complex function 
which depends on many variables and attributes, including the number of 
layers of the material bonded to the FBG, the bonding length of the 
embedment, the thickness of the embedded layer, the material properties of 
the embedded layer and the shape of the embedded layers. However, a 
maximum strain transfer is achieved at the centre of the fibre/centre of the 
patch, due to its symmetry. Therefore, by embedding the FBG in the centre of 
the patch a maximum strain transfer could be acheived.  
Three different shapes including cuboid, quasi rectangular and circular disc 
have been simulated to obtain the optimum shape and size for the sensor. 
According to the simulation results, the circular disc shape shows the highest 
sensitivity. The optimum diameter observed was 5.5mm achieving a highest 
sensitivity of 0.6244 nm/MPa for a Young’s modulus of 143 MPa. This is an 
increment of 0.064 nm/MPa when compared to the initial cuboid shape of 
6mm x 6mm x 1mm patch. However, by increasing the diameter, a more 
uniform strain distribution along the length of the FBG could be observed by 
compromising the sensitivity.  
The effect of the Young’s modulus of the patch on the sensitivity of the FBG 
was investigated. For this purpose, three commercially available polymer 
material properties were used. Young’s modulli that have been investigated are 
143 MPa, 44 MPa and 20 MPa. As the Young’s modulus decreases the 
sensitivity of the FBG sensor is increased. The highest sensitivity of 0.8179 





modulus of 20 MPa. As the Young’s modulus of the material decreases the 
polymer becomes more deformable and hence the reaction forces applied on 
the fibre are significant. As a result of the longitudinal strain increases, the 
Bragg wavelength shift is greater for the same pressure, when compared to 
higher Young’s modulus (less deformable) polymer.  
The reflection spectra of all the simulated FBGs showed no birefringence within 
the pressure range of 0 - 1MPa. The application of the pressure sensor is within 
this pressure range and the effects out of this range are less important and out 
of the scope of this study. This is due to the fact that transverse stresses are 
negligible compared to the longitudinal strain within the considered pressure 
range. The refractive index is uniform about the axis of the fibre and hence the 
reflected peak does not separate along x-axis and y-axis. 
However, the T effects with peak splitting along the x-axis and y-axis were 
observed for the 5.5 mm diameter patch with a Young’s modulus of 20MPa 
after 2.6 MPa, whereas for the 6mm x 6mm x 1mm with a Young’s modulus 
143MPa splitting was observed after 3.75MPa. 
The initial design was a polymer patch with a cuboid shape of 6mm x 6mm x 
1mm and a Young’s modulus of 143 MPa. This resulted in a sensitivity of 0.56 
nm/MPa. Overall the sensitivity has been increased by 1.5 times from the initial 
design by changing its shape and the Young’s modulus of the polymer. 
Moreover, R Correia et al. [175] obtained a wavelength sensitivity of 0.029 
nm/N (0.116 nm/MPa) for a 6 mm FBG embedded centrally in a 2mm x 2mm x 
2mm cube patch with a Young’s modulus of 689 MPa, to the transverse loading.  
As per the simulated results obtained in this work, this sensitivity could be 
improved 7 times by fabricating an FBG sensor of a length of 3mm, embedded 
centrally in a disc shaped polymer patch of 20 MPa Young’s modulus with a 









Development of a compact Fibre Bragg Grating (FBG) 
interrogator 
5.1 Introduction 
This chapter discuss the work related to the development of a compact FBG 
interrogator for the compression bandage pressure measurement application 
in healthcare. The main objective is to build a compact optical transducer for 
the FBG contact pressure sensor discussed in chapter 4. Development of the 
FBG interrogator is based on a three section DBR tuneable laser. In section 5.2 
an extensive review on currently available FBG interrogation techniques both 
commercially and in literature is presented. This is followed by a detailed 
discussion of the background information related to the physics and working 
principles of tuneable lasers. It is very important to understand the tuning 
mechanism of a tuneable laser in order to achieve a continuous wavelength 
sweep. This is followed by a detailed explanation of software and hardware 
development of the miniature FBG interrogator system. Section 5.5 includes 
the conclusions and future work.  
5.2 Review on the available FBG interrogation systems 
Although there are many advantages of FBG sensors, as discussed in chapters 
2 and 4 their commercial usage is affected by the size, availability and the cost 
of the FBG interrogation techniques. Many FBG interrogation techniques have 
been researched and developed and these can be broadly categorised into six 
main types [58], [225]. 
1. Spectroscopic 
2. Interferometric 
3. Edge filters 
4. Tuneable filters 
5. FBG interrogators based on photonics integrated circuits (PICs) 





In the early stages of development, FBG sensor technology used a broadband 
light source and an optical spectrum analyser (OSA) as the wavelength 
identifying method by means of plotting the spectral distribution of the 
reflected or transmitted light from the FBG.  However, OSAs are very expensive 
and bulky devices and hence not suitable for deployment in healthcare 
applications where a lightweight and compact sensor system is required.    
In interferometry, two light beams and their relative path/phase difference can 
be used to determine the wavelength shift of FBGs. Light reflected from a 
grating is directed through the interferometer which has unbalanced paths and 
the Bragg wavelength is converted into a phase shift where the phase of an 
unbalanced interferometer depends on the input wavelength. References [1], 
[226]–[229] report FBG interrogation techniques based on the Mach-Zehnder 
interferometric method.  
Edge filters provide a linear relationship between the Bragg wavelength and 
the output intensity of the edge filter. By measuring the intensity change, the 
wavelength change induced by the measurand could be obtained. The 
measurement range is inversely proportional to the resolution and hence this 
method is not suitable for multiplexed FBGs. Alfonso et al. [230] describe the 
initial development of an optical FBG interrogator using an edge filter scheme. 
A wavelength resolution of 7 pm was reported with a data acquisition rate of 
2.5 kHz.  A recent development of a wireless portable FBG interrogation system 
using an optical edge filter is reported [231] for application in healthcare, in 
particular plethysmograph monitoring. The accuracy in terms of standard 
deviation is given as 0.1 pm for the system. Stan et al. [232] described a method 
of  increasing the dynamic range of FBG interrogation techniques based on 
edge-filtering by using a microcontroller in a control loop. The purpose of the 
control loop is to keep the filter tuned to the wavelength at the mid reflection 
point as dynamic strain is applied. Similar work on FBG interrogation using edge 
filters is also reported in references [233]–[235]. 
The tuneable filter uses the convolution of both the spectrum of the tuneable 





spectrum of the tuneable filter matches the FBG output the convolution equals 
1 which means the maximum achieved output. By identifying this maximum 
point and the wavelength difference of the tuneable filter, the wavelength shift 
could be identified. The resolution of this technique is highly dependent on the 
linewidth of the tuneable filter and the FBG.  Different types of filters used in 
the literature include Fabry-Perot filters [236]–[238], acousto-optic filters 
[239],[240] and FBG based filters [241]. A portable FBG interrogator for 
dynamic monitoring in wearable applications is reported in the literature based 
on a white light source and the spectral convolution between sensor and a 
tunable filter [242].  The resolution of this interrogator is 3.82pm for a 
sweeping range of 15.64nm. 
Recent advances in photonic integration introduces novel FBG interrogators 
based on photonic integrated circuits which are available commercially 
[243],[244]. These interrogators allow low cost, miniaturized FBG readout units 
with light weight, repeatability, low power consumption, thermal and vibration 
stability and wide ranges of wavelength[245]. PICs can contain tens to 
hundreds of optical components. Electronic ICs consist of transistors, 
capacitors and resistors whereas in PICs, lasers, modulators, photodetectors 
and filters all are integrated into a single substrate. These methods have some 
draw backs such as the number of FBGs that can be simultaneously integrated 
and dynamic capabilities of the readout unit [246]. A sensing chip with 1mm 
thickness based on a single Vertical Cavity Surface Emitting Laser (VCSEL) is 
report in the literature [247]. The resolution of the system dependent on the 
driving frequency and demonstrated range is 1.5 pm- 4 pm. 
FBG interrogation based on tuneable lasers is a very attractive alternative to 
the above discussed interrogation methods allowing orders of magnitude 
improvement in the output power as well as reduction in the signal linewidth 
and hence higher resolution. Moreover, tuneable lasers provide wavelength 
division multiplexing capabilities. Various tuneable lasers have been 
researched and studied for the use of FBG interrogation. Coroy et al. [248] 





laser. Ball et al. [249] reported the use of a tuneable Erbium fibre laser to 
interrogate a FBG multipoint temperature sensor. The use of tuneable 
distributed feedback lasers and a Mach-Zehnder interferometer is  reported in 
reference [250]. A miniature (110x50x40mm) low cost FBG interrogator based 
on a tuneable Vertical Cavity Surface Emitting Laser (VCSEL) has been reported 
[251] which allows a wavelength sweep of 7nm. FAZ Technology [252] reported 
a tuneable laser (SG-DBR or MG-Y) and photonic integrated circuit based FBG 
interrogator  [253]. 
Wavelength tuning in tunable lasers is done by controlling the input current for 
each of the tuning sections of the laser. Therefore, precise, stable current 
controllers are crucial for a tunable laser circuit. There are commercially 
available, fully integrated current controlling options available for lasers. 
However, the prices of these controllers are very high and most of these are 
bulky benchtop devices as they come up with all the available options for 
general purpose use.  A review of commercially available interrogation systems 
is summarised in table 5.1 
It is clear from table 5.1 that the average price of an FBG interrogator is around 
5000 GBP. Additionally the size and the weight of the commercially available 
interrogators are too large for the FBG interrogation required for the contact 
pressure measurement applications in healthcare, where a wearable solution 






Table 5.1: Summary of commercially available FBG interrogators 




Micron optics SM130 122 mm x 267 mm x 135 mm 
2.5 kg 
1510-1590 nm Up to 500 1nm ~ 2000 GBP 
Micron optics si255  307 mm x 274 mm x 69 mm  4.9 
kg 
1500-1600 nm 16 channels 1pm  
Micron optics si155 206 mm x 274 mm x 79 mm 3.0 
kg 
1500-1600 nm 4 channels 1 pm  
Smart fibres SmartScan 140 mm x 115 mm x 85 mm 
0.9 kg 
1528 -1568 nm 64 sensors  > 5,000 
GBP 
Smart fibres 
SmartScan Aero Mini 
45 mm x 135 mm x 203 mm 
1.4 kg 
1528 -1568 nm 64 sensors < 1pm  
Technobis 
Switch gator 
110 mm x130 mm x47 mm 
0.54 kg 
1515 -1585 nm 64 sensors 1 pm ~ 5,000 GBP 
Ibsen photonics 
I-MON 256  
110 mm x94 mm x49 mm 1525-1570 nm 37 sensors <0.5 pm ~ 3,000 GBP 
Ibsen photonics 
I-MON 512 
110mm x94 mmx 49 mm 1510-1595 or 
1275-1345 nm 
70 sensors <0.5 pm ~ 3,415 GBP 
HBM 
FS42PI 
155 mm x 125 mm x 275 mm 
6kg 
1500 - 1600 nm 4 channels 1 pm  
Welltech 
FBG 210-4 
225 mm x205 mm x95 mm 1525 - 1565 nm 64 x4 sensors 1 pm  
Welltech 
FBG3000 
295 mm x291 mm x123 mm 1525 - 1565 nm 64 x8 sensors 10 pm  
Bayspec 
FBGA 
96 mm x 68 mmx 15.8 mm 1510-1590 nm  1 pm  
Fibrepro 
IS7000 
364 mmx 363 mm x 147 mm 1530 - 1565 nm 16 x 8 
sensors 
1 pm ~ 8,000 GBP 
FBGs 
FBG-Scan 700 
260 mm x 230 mm x 60 mm 1525–1565 nm 40 sensors 0.4 nm  
FBGs 
FBG-Scan 800 





5.3 Background Information on Tuneable lasers 
5.3.1 Basic concepts of Tuneable lasers 
In order to understand the tuning concept of lasers, a simplified equivalent 
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Figure 5.1: (a) Simplified equivalent circuit of a laser oscillator (b) plot of 
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Figure 5.1 (a) shows the simplified equivalent circuit of the laser oscillator. A 
gain characteristic is plotted in figure 5.1 (b) and the phase condition is plotted 
in figure 5.1 (c). 
According to the figure 5.1 (b) the gain peak is at 𝜆𝑝. The precise laser 
wavelength is defined by the phase condition.  The dominant mode for this 
example is the Nth mode as the maximum of the gain overlaps with the Nth 
mode.  
Tuning of the laser can be done either by adjusting the cavity gain characteristic 
(𝜆𝑝), by adjusting the cavity phase (𝜙(𝜆)) or by changing both of these.  
Depending on the way the tuning is performed or, the structure of the device, 
the tuning of a laser can be divided in to three main tuning schemes. These are 








(a)                                               (b)                                           (c) 
 
Figure 5.2: Representation of three different tuning schemes of tuneable lasers (a) 
continuous (b) discontinuous (c) quasi-continuous plotted for emission wavelength 
versus the control current/wavelength [254] 
In a continuous scheme, the wavelength is tuned smoothly in arbitrarily small 
steps and no mode change occurs. All the other laser parameters are kept 
constant. Most importantly, a continuous scheme allows single mode stable 
operation throughout the entire tuning range. Continuous tuning requires 














spectrum [255] and practically this is very difficult to achieve with laser 
structures [256].   
A discontinuous scheme permits a larger tuning range by allowing the 
longitudinal mode to change during tuning. At 1550 nm wavelength, a tuning 
range of 100nm is achievable [257]. However, in the discontinuous scheme, it 
is impossible to achieve emission of all the wavelengths within the tuning 
range.  
A quasi-continuous tuning scheme offers intermediate tuning when compared 
with the other two methods. This is accomplished by overlapping small 
continuous tuning regimes of single longitudinal modes to achieve a large 
tuning range. The total tuning range is limited by the tunability of the cavity 
gain characteristic. 
5.3.1.1 Tuning of cavity gain characteristic 
Tuning of the gain characteristic is done by shifting the gain peak wavelength 
(𝜆𝑝) by varying the wavelength dependence of the active medium gain 𝑔(𝜆) or 
else by using wavelength selective mirror losses.  








Figure 5.3: Wavelength tuning by shifting the gain peak wavelength. 𝑔𝑐
0 is the gain 
curve before tuning and 𝑔𝑐 is the gain curve after tuning [254]. 
 
The change of the 𝜆𝑝 can be described as 𝜆𝑝 =  𝜆𝑝
























0  denotes the cavity gain peak before tuning and 𝜆𝑝 is the cavity gain 
peak after tuning. Depending on the mode spacing, the gain characteristic of 
the laser undergoes an amplitude change during tuning and hence the gain-
clamping mechanism as shown in figure 5.3. Therefore, 𝑔𝑐 = 0 (essential lasing 
condition of gain-saturation point where total loss is equal to the total mode 
gain hence cavity round trip gain is equal to zero [254]) is achieved only at the 
dominant laser modes, but not at 𝜆𝑝.  It can be noted that lasing wavelength 
remains constant at 𝜆𝑁  mode as long as 𝜆𝑝 <  𝜆𝑁 +
Δ𝜆𝑚
2
  and at 𝜆𝑝 = 𝜆𝑁 +
Δ𝜆𝑚
2
 ,  
𝜆𝑁−1 begins to dominate and again this remains constant until 𝜆𝑝 =  𝜆𝑁−1 +
Δ𝜆𝑚
2
 and the dominant lasing mode will change to 𝜆𝑁−2. Hence it can be clearly 
noted that, using this method, the wavelength is tuned in a discontinuous way 
although the cavity gain peak (𝜆𝑝) could be varied smoothly. Therefore, this 
tuning scheme will not facilitate access to all the wavelengths within the tuning 
range. 
5.3.1.2 Tuning of comb-mode spectrum 
In this tuning scheme 𝜆𝑝 is kept constant while shifting the comb mode 
spectrum. The shift of the comb mode spectrum can be described as  𝜆𝑖 =  𝜆𝑖
0 +
 Δ𝜆𝑖 (for the i
th mode), where, 𝜆𝑖
0 is the initial position before tuning. The 
behaviour of the tuning mechanism is illustrated in figure 5.14.  
According to equation 5.5, the shifting of the comb mode spectrum should be 
done by changing the optical length which is neffL. The cavity length is 
practically difficult to change, hence it is the refractive index of the cavity that 
is changed. As a result of the tuning mechanism the total gain characteristic 
undergoes an amplitude change as shown in figure 5.4.  Again, lasing occurs for 
mode i if |𝜆𝑝 − 𝜆𝑖| <  
Δ𝜆𝑚
2
  . Although the longitudinal number will not change 
in this tuning scheme, the mode wavelength changes linearly with Δ𝜆𝑐. Stepwise 
continuous regimes are obtained until a mode hop to the next higher mode by 
yielding a downward wavelength jump at the borders of these continuous 












Figure 5.4: Wavelength tuning of a laser by shifting comb-mode spectrum [254] 
During both tuning schemes discussed above, a discrete behaviour of the 
obtained wavelengths is observed. However, by performing both tuning 
schemes simultaneously, a considerably improved tuning performance could 
be achieved.  
Wavelength tuning of laser diodes requires electronic control of the gain peak 
wavelength or the comb mode positions. Electronic wavelength tuning involves 
controlling the refractive index of the cavity medium using three different 
methods: (1) carrier injection which is related to the free-carrier plasma effect 
[258], [259]; (2) application of an electric field which is related to the quantum 
confined stark effect [260], [261]; (3) by temperature control related to the 
thermal tuning effect [262], [263].  
A complete tuneable laser diode consists of an integrated optoelectronic 
circuit, compromised of an active region, a wavelength selective tuneable 
reflector and/or tuneable phase shifter.   The integration of tuning sections and 
the active region could be arranged in two directions - either in the 
longitudinal/horizontal direction or the transverse/vertical direction. The 
transverse integration leads to DFB type tuneable lasers, whereas longitudinal 
integration results in DBR type tuneable lasers. 
The tuneable laser used for this project is a three section DBR laser due to its 
less complex tuning mechanism when compared with a four section tuneable 






that follows will focus mainly on DBR tuneable laser structures. DBR type lasers 
use longitudinal integration of the active region and tuning elements and can 
be represented as shown in figure 5.5. According to figure 5.5, tuning section 1 
allows the electronic control of cavity gain characteristic 𝜆𝑝 and tuning section2 
allows phase control or the comb mode spectrum tuning.  
 
Figure 5.5: Longitudinal integration of active region and tuning elements in a DBR 
wavelength tuneable laser structure [264] 
 
5.3.2 Wavelength Tuneable Two section DBR laser 
A two section DBR laser is made by longitudinally integrating a tuneable Bragg 
reflector with an amplifying section.  There are two available configurations as 
shown in figure 5.6 - one with a passive DBR structure (5.6 (a)) and the other 
with an active DBR structure (5.6 (b)). On both structures the P-electrode is 
divided into two and the n-electrode provides an electronic common [264].  
Current Ia controls the length La of the active region and hence controls the 
optical gain and power. Current IB controls the length of Bragg section LB and 
hence controls the laser emission wavelength.  
An active DBR region structure provides simpler fabrication and good light 
coupling over the alternative passive structure. 
A typical tuning characteristic curve for a two section DBR laser is shown in 
figure 5.7. In figure 5.7, the longer active length device has 17 successive 
longitudinal modes, while the shorter active length device has 9. Therefore the 







device. A two section DBR laser only allows tuning of the spectral shape of the 
cavity gain by tuning of the Bragg wavelength. Due to lacking the option for 
comb-mode spectrum tuning [264], discontinuous tuning behaviour could be 
observed with mode hops in the tuning characteristic curve. 
 
                
 
Figure 5.6: Tuneable DBR structure with (a) active-passive structure (b) active-
active structure [254] 
 
 
Figure 5.7: Bragg tuning current of two section DBR laser [265] at two different 
active lengths(La) solid curve is for 615 µm length and dashed line curve is for 298 







5.3.3 Wavelength Tuneable Three section DBR laser 
The limitation with the two section tuneable DBR laser is the lack of continuous 
wavelength tuning. Therefore, the three section DBR laser provides 
improvement to the two section laser by allowing continuous tuning done by 
the addition of a phase tuning section.  Figure 5.8 illustrates a structure of three 
section tuneable DBR laser. The phase shifter acts as an adjustable delay line 
and this will control the comb mode spectrum. This structure, with three 
different electrodes, provides three independent controls. Optical gain and 
power are controled through the control of current Ia, shifting the comb mode 
spectrum through tuning of current Ip and the cavity gain peak wavelength is 
selected by the Bragg wavelength (tuning the Bragg current (IB)) of the passive 
Bragg reflector.  
 
Figure 5.8: Three section wavelength tuneable DBR laser structure [254] 
In a three section DBR laser, the wavelength can also be changed by controlling 
the current IB. Hence, the lasing wavelength of a three section tuneable DBR 
laser is a function of all three currents. This was demonstrated experimentally 
by Koch et al. [265] and is illustrated in figure 5.9. In figure 5.9 Id is the Bragg 
current. One current is always varied keeping the other two currents are fixed 
for each plot. As can be seen, 5.8 nm of discontinuous tuning has been 
achieved. Moreover, during this experiment it was also noticed that by tuning 
two currents Ia and one of the other two currents and by keeping the ratio IB/Ip 
constant, a continuous, smooth wavelength tuning was achieved for a tuning 





The theoretical studies [266],[267]  and the experimental studies [268]–[270] 
which involve optimization of the tuning of 3 section DBR lasers suggest a 
maximum continuous tuning range of the order of 6.5 nm while a discontinuous 
tuning range can go more than 10nm.  
 
Figure 5.9: Laser range tuning by controlling three currents [265]. Id is equal to the 
Bragg current (IB) in the discussion 
The wavelengths which are not accessible during such a discontinuous scheme 
could be tuned using quasi-continuous tuning in a three section tuneable DBR 
laser. Figure 5.10 shows an experimentally obtained quasi-continuous tuning 






Figure 5.10: Quasi-continuous tuning of a three section tuneable DBR laser [271] 
The vertical lines represent the continuous regimes achieved by tuning Ip for a 
fixed IB.  
By having the right combination of IB and Ip, all continuous wavelength tuning 
could be achieved for a particular laser gain. For that reason, it is crucial to have 
a calibration map of the laser and saved database of wavelengths and currents, 
as well as a computer aided system to control and access the required currents 
and hence the necessary wavelengths.  
5.4 Development of a miniature FBG interrogator for an FBG patch 
contact pressure sensor for healthcare applications 
As explained in chapters 2 and 4, the measurement of sub-bandage pressure in 
healthcare environments is important in the treatment of pressure ulcers and 
similar conditions. The FBG contact pressure sensor detailed in chapter 4 is an 
ideal solution for this. However, this requires a miniaturised and wearable FBG 
interrogation system. 
As discussed in section 5.2, FBG interrogation using a tuneable laser provides 
advantages, such as high output power and better resolution, over the other 
FBG interrogation techniques. Tunable lasers are also compact devices (a 
tunable laser with a butterfly package has a footprint size of 12.7 mm x 30 mm). 





swept tuneable laser FBG interrogation technique for the design and 
development. 
 
5.4.1 Proposed FBG Interrogation method 
The proposed FBG interrogation system consists of tuneable laser, current 
driver, photo detection circuit and a control circuit.  A three section tuneable 
DBR laser, XM0167 from Xeston Technologies Ltd, is used as the light source.  
This tuneable laser typically produces a very narrow bandwidth of light and the 
central wavelength of the emission light can be tuned over a range of 9nm 
(1535-1544 nm). The proposed FBG interrogation technique uses the 
wavelength sweep method.  The spectrum of wavelengths (~ 9 nm) illuminated 
the FBG by tuning the DBR laser. The FBG reflection spectrum is then detected 
using a photo detection circuit. For continuous and smooth tuning, a look-up 
table, where the relationship between tuning current and wavelengths is 
stored and implemented, is required. The reflected light from the FBG sensor 
will be guided into the photo detection circuit. The reflected signal is plotted 
using a LabVIEW interface. In the initial stages of this project, an Arduino board 
was expected to be used as the control unit. The plan was to develop a more 
sophisticated microcontroller unit in the later stages.  A block diagram of the 
FBG interrogation system is shown in figure 5.11. 
 
Figure 5.11: Block diagram of proposed FBG interrogation system 
 







5.4.1.1 Three section DBR laser module  
In this project, a three section DBR tuneable laser (figure 5.22) was used for 
development of a miniature FBG interrogator. Table 5.1 shows the maximum 
current ratings for the laser module. According to figure 5.22, pins 13 and 11 
are for the optical gain and power control and provide the functionality of Ia as 
described in section 5.3.2. Pin 14 provides the control of the comb-mode 
spectrum enabling the functionality of Ip and pin 12 (rear current pin) provides 
the functionality of IB by controlling the lasing wavelength.  
An image of the three section laser with its butterfly package and fibre pigtail 
output is shown in figure 5.12 (b). Butterfly packaging provides safe and easy 
connection for the fibre sensors.  Moreover, the butterfly package comes with 
a Thermal Electric Cooler (TEC)/ Peltier module, a thermistor and a monitor 
photodiode in addition to the three section DBR laser module. The heat 
accumulated during the laser operation should be dissipated well in order to 
prevent any wavelength shift or degradation of the laser. The thermistor within 
the packaging is able to detect the temperature. By connecting the thermistor 
to a TEC controller, the voltage /current required by the Peltier element for 
cooling is determined. The TEC controller is directly connected to the integrated 
Peltier element of the tuneable laser and hence the temperature of the laser 
module is controlled. Moreover, using the integrated monitoring 
photodetector the power produced by the laser module is monitored. The 
photo monitoring circuit is completely independent of the laser output and can 






(a)                                                (b) 
 
(c) 
Figure 5.12: (a) Electric schematic (b) picture of the 3 section DBR laser module in 
the 14 pin butterfly package (c) pin assignment of the three section DBR laser 
 
Table 5.2: Electrical ratings of the three section DBR tuneable laser module 
Section Range Max limit 
Gain 100 mA – 250 mA 
Threshold (35-40 mA) 
300 mA 
Rear 0-90 mA 120 mA 
Phase  0-5 mA 10 mA 
 
5.4.1.2 Current driver module 
The LTC 2662 (figure 5.13) from Analogue devices was selected as the most 
suitable current driver for the project.  This chip was selected as it provides all 
the requirements (current ranges and voltages, number of channels) needed 
for the project. This chip is a five channel 12/16 bit current source with a 
maximum of 300 mA per channel. Since we require three tuning currents and 
the maximum current required is 300mA (gain current) this provides more than 
the required number of channels on a single chip.  
There are eight programmable current ranges of 300 mA, 200 mA, 100 mA, 50 





current resolution per channel can be increased for each current section by 
selecting only the necessary current range for the section. For example, the gain 
section requires the range of 300 mA and for 12 bit scheme the current 
resolution that can be achieved is  
300
212
= ~ 0.07 𝑚𝐴 while, for the phase 
section which requires the range of 6.25 mA, using a 12 bit scheme the current 
resolution that can be achieved is 
6.25
212
= ~ 0.0015 𝑚𝐴.  This chip requires the 
use of the SPI programming protocol, which is facilitated by any microcontroller 
programming platform. Additionally, the size of this chip is 5mm × 5 mm which 
is ideal for the project when considering the size aspect.  
 
Figure 5.13: LTC 2662 chip 
For the initial stages of the development it was decided to use the evaluation 
board DC2692 of the LTC 2662 chip by Analogue devices. The reason is this is a 
quick and easy way to evaluate the performance of the chip before going to 
further development. This has pin-outs (turrets) for the SPI communication, 
power and each channel separately.  
 
Figure 5.14: DC2692 evaluation board for the LTC chip 2662 
5.4.1.3 Thermoelectric cooler (TEC) controller 
Thermoelectric cooling plays an important role in tuneable laser devices. As 
explained in section 5.4.1.1, if not controlled properly the temperature built up 





the laser. In order to control the temperature within the laser, a thermoelectric 
cooling controller is connected with the integrated thermistor and the Peltier 
element. Depending on the temperature measured by the thermistor, the TEC 
controller alters the voltage across the two junctions of the Peltier element and 
hence stabilizes the temperature within the laser module. In the initial stages 
of the development of the miniature FBG interrogator, a commercially available 
TEC controller by the Thorlabs (ITC 110) was used. In the subsequent stages of 
development, a high efficiency TEC controller chip LTC1923, Analogue Devices 
(figure 5.15 (a)), was used with the dimensions of 5 mm x 5 mm which is ideal 
for the realisation of a miniaturised interrogator. Again, in the first stages of 
development of the miniature FBG interrogator, the evaluation board (figure 
5.15 (b)) of the LTC1923 chip by Analogue devices was used.  
       
(a)                                        (b) 
Figure 5.15: (a) LTC1923 TEC controller chip (b) Development board of LTC 1923 
5.4.1.4 Photo detection Circuit 
The reflected light from the FBG is directed to a photo detection circuit in order 
to identify the wavelength. This photo detector will produce an electric current 
for each wavelength throughout the wavelength sweep of the tuneable laser 
diode. Using a transimpedance amplifier this current is converted to a voltage.  
During the development stages, a PDA10CS (EC) simplified photodetector by 
Thorlabs was used for photo detection.  
5.4.1.5 Arduino controller 
The Arduino UNO Wi-Fi programmable circuit board consists of Atmega 328P 





early stages of development because this provides a quick start to the project 
without the need to design a microcontroller circuit. This device comes with 20 
digital I/O pins and 6 Analog I/O pins. The digital I/O pins are important for 
controlling the current driver through the SPI communication protocol and 
Analog pins are important to analyse the current signals received by the photo 
detection circuit. It also provides simple connection to the computer with a USB 
cable. Moreover, the Integrated Development Environment (IDE) provided by 
the Arduino is open source and comes with all the standard and specific 
libraries needed for the programming.  
5.4.1.6 Computer Interface  
LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a graphical 
programming language developed by National Instruments.  This is a 
sophisticated programme environment ideal for applications that require 
testing, measuring and control of the processes with the rapid access to 
hardware and data. LabVIEW was selected as the main programming language 
because it can be used to program an Arduino using the LINX open source 
software and at the same time can be used to provide a graphical interface for 
controlling the system, analysing the data and plotting results all within a single 
interface. LINX by LabVIEW is an open source software which provides easy to 
use LabVIEW VIs for interacting with common embedded platforms like 
Arduino, chipKIT and myRIO. LINX is a hardware abstraction layer that allows 
the user to have a single LabVIEW interface with a variety of different hardware 
devices. Therefore, LINX helps to bridge the gap between the physical Arduino 
and the LabVIEW software. 
5.4.2 Current control and calibration system 
As discussed in section 5.2.1, in order to achieve a continuous wavelength 
sweep over the wavelength tuning range of the tuneable laser, a look-up table 
is required.  Therefore, in this section of the thesis the calibration work of the 






5.4.2.1 Software development 
The integrated circuit chip of the current driver has a SPI interface for receiving 
the current values. The communication protocol is shown in figure 5.16. When 
the chip select line is low, the data on the SDI pin is loaded into the shift register 
on the rising edge of the clock pin. First, the 4 bit command (C3-C0) is loaded 
followed by the 4 bit DAC address (A3-A0) and then 16 bit data word in binary 
format. The data word comprises a 16 bit input code ordered with the most 
significant bit first (MSB). The data is transferred to the LTC2662 when the chip 
select is low. The rising edge of the chip select line ends the data transfer. 
The developed front panel and block diagram are illustrated in figure 5.17. The 
LTC2662 includes a high voltage multiplexer for monitoring the voltage and 
current at the output pins, which was included in the LabVIEW user interface 
to enable independent current monitoring. The options for selecting the 
preferred current channel with the preferred current range were included in 
the User interface. Moreover, options for the user to control the clock 



























5.4.2.2 Testing the current driver 
According to the discussion in section 5.2.4 it was clear that for the tuning and 
characterization of a three section tuneable laser it is important to provide an 
accurate constant current for each tuning section of the laser to achieve and 
maintain a specific wavelength.  Any fluctuations of the current will cause a 
change of the wavelength.  Therefore, one important aspect is to maintain a 
stable output current during the operation of the tuneable laser. The current 
stability of the current driver was first tested by connecting a resistor load to 
the current driver followed by connecting the tuneable laser directly to the 
current driver. The results showed stable current during the operation of the 
laser over a duration of 30 minutes. This can be seen in figure 5.18, which 
depicts testing the current stability at different current levels by promptly 
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Figure 5.19: plot of MUX measured output current vs time, current has changed in 
1 mA steps over a range of 0-49 mA 
 
Figure 5.20: plot of measured output current for current sweep from 0-200mA in 
steps of 5 mA. At time 04:53 tested for an abrupt change (140mA to 200mA) in the 
current 
The output current was monitored using MUX. Figure 5.19 shows the output 
current change in steps of 1 mA over a range of 0-49 mA. Figure 5.20 shows the 
output current for control of the current in the range of 0-200mA with 5mA 
steps. The whole current range could be achieved with good resolution during 






5.4.2.3 Tuneable laser calibration system 
Figure 5.31 illustrates the experimental setup used for the wavelength 
calibration.  The software control interface was developed using LabVIEW. An 
optical spectrum analyser (OSA) (Anritsu MS9710C) was used for the 
monitoring of the FBG wavelength spectrum.  A LabVIEW compatible 
measurement interface was created for the OSA. After each scan of the 
spectrum, the FBG peak wavelength and power were extracted and plotted 
against the tuning current. 
Figure 5.32 shows the discontinuous tuning scheme performed by keeping the 
gain section current fixed at 150 mA, the phase section current fixed at 0 mA 
and tuning rear current from 0-90 mA in 0.1 mA steps. The typical discontinuous 
behaviour expected from a three section tuneable laser is observed. The total 
achievable tuning range for discontinuous tuning was ~9 nm. Power 
fluctuations within a range of 4mW during the tuning are also observed (see 
figure 5.23). It is clear that as a result of tuning the power fluctuates in a 
periodic pattern and the overall power reduces. This behaviour could be 
explained by considering the side mode suppression ratio (SMSR) of a tunable 
DBR laser [272]. SMSR is the power ratio at the lasing fundamental 
mode/wavelength to its nearest allowed mode [273]. The wavelength of the 
main mode changes with tuning and a weaker side mode starts to become 
stronger and the main mode moves away from the centre of the Bragg band. 
At this point, SMSR is highest. Both modes experience equal loss when they are 
symmetric about the FBG wavelength. Any further tuning contributes to a laser 
mode hop and then the stronger peak will dominate over the other. Therefore, 
at each mode hop the output power reaches a local maximum during the 
tuning. This contributes to the periodic pattern observed in the output power 
during tuning. This agrees well with the datasheet (see the appendix B) of the 
tunable laser which stated that during the wavelength scanning of 1535-1544 
nm the power varies in a periodic pattern within a range of 9.8 dBm- 7.4 dBm 







Figure 5.21: Tuneable laser calibration system 
 
Figure 5.22: Wavelength obtained for the rear current tuning over 0-90 mA range 
with gain =150 mA and phase =0mA. This is an example for discontinuous tuning 






Figure 5.23: Power fluctuations during the discontinuous tuning of the tuneable 
laser 
 
Another important aspect checked during the initial stages of the experiments 
was the wavelength stability of the tuneable laser during its operation.  In order 
to check the stability, a particular current value was fixed and a measurement 
per minute was taken up to a total of 100 minutes. Then, the standard deviation 
of these measurements was calculated. For example, the gain current was fixed 
at 150 mA, the phase current at 0mA and the rear current was fixed to 2 mA, 
10 mA, 50 mA, 70 mA and 90 mA for different tests.  Figure 5.24 shows the 
results obtained. 
According to results obtained it is clear that the wavelength is stable during the 
time of its operation and shows a small standard deviation value in the order 







Figure 5.24: Plot of determining the stability of the FBG measured wavelength 
during tuneable laser operation.   
5.4.2.4 Automated Measurement system 
In order to achieve a continuous wavelength sweep, it is crucial to obtain the 
corresponding current combination. According to the table 5.1, the rear current 
range is 0-90 mA and phase current range is 0-5 mA. If the rear current tuned 
in 1mA steps and the phase current tuned in 1 mA steps, the total combinations 
of measurements is 546. However, in order to achieve a discontinuous 
behaviour during the wavelength sweep allows a fine tuning and achieve all the 
accessible wavelength measurements. For example if the rear current is tuned 
in 0.1 mA steps and phase is tuned in 0.1 mA steps the total number of 
measurements will be equivalent to 54600. Recording this number of 
measurements is not easy with manual tuning and therefore an automated 
measurement system was developed.  Since the sampling frequency of the OSA 
is low and takes 0.5 seconds for a single spectrum it was replaced with an Ibsen 
256USB FBG interrogator which allows a 3 kHz sampling rate per single 
spectrum. This Interrogator is provided with the LabVIEW compatible source 
codes and hence it was easy to develop the measurement and recording 
LabVIEW interface.  
A global variable was created for both FBG interrogator measurements and 





the timed data logged measurement operation. This way there is no data loss. 
While the measurement is made, the global variable is turned off and on the 
next available sequence where the measurement is saved and appended into a 
text file, the global variable will be turned on. Turning on/off the global variable 
initiates a current step change in the current control.  In this way the current 
and wavelength data were recorded without any data loss.  When all the 
available current combinations have been tested, the tuneable laser will 
automatically turn off by putting the output current terminals to high 
impedance mode.  
Figure 5.25 shows the demonstrated wavelength tuning curve for the gain 
current fixed at 100 mA, the rear current tuned with 1 mA steps and the phase 
current tuned with 1 mA steps. When compared with the discontinuous 
scheme there is a slight reduction in the total tuning range. Although the total 
achievable range is 8.4nm there is a comparatively large wavelength 
discontinuity that occurred from 1541.63 – 1542.19 nm and hence the effective 
tuning range is considered to be ~ 7 nm.  
  
Figure 5.25: Wavelength tuning with Phase current (1mA step), rear current (1 mA 
step), Gain is fixed at 150 mA, total wavelength range of 8.4 nm and 7 nm of 






Figure 5.26 shows the wavelength tuning curve for the gain current fixed at 100 
mA, the rear current tuned in 0.1 mA steps and the phase current tuned in 0.5 
mA steps. It can be clearly seen that a continuous wavelength tuning for a 
tuning range of 9nm could be achieved with a wavelength resolution of 0.01 
nm.  
Using these measurements, three lookup tables were created which have 
wavelength resolutions of 0.01 nm, 0.1 nm and 1 nm. This is an important factor 
in the FBG interrogation system as the resolution of the wavelength sweep 
affects the system measurement speed. For example, the lookup table with 
resolution 0.01nm will create 
9 𝑛𝑚
0.01𝑛𝑚
= 900 sample points, which means that in 
order to achieve a single measurement using the proposed setup 900 current 
combinations should be accessed. On the other hand, the lookup table with 
resolution 0.1 nm will create 90 sample points and hence increases the 
scanning speed by a factor of 10 for a single measurement. 
 
Figure 5.26: Wavelength tuning with Phase current (0.1 mA step), rear current (0.5 

































5.4.3 FBG Interrogation system 
The FBG integration system is illustrated in figure 5.27.  The system was 
powered using an external power supply while the Arduino was powered by 
the computer using USB cable. The output from the photodetector was directly 
fed to the Analogue pins of the Arduino.  
The Arduino microcontroller has access to the lookup tables and therefore 
access to the current combinations required for driving the tuneable laser in 
order to perform a wavelength sweep across the tuning range. The Arduino 
controls the current driver while receiving the data from the photo detector 
and these data are then passed to the computer. The computer then plots the 
amplitude of the photodetector signal versus the wavelength data in order to 
produce the wavelength spectrum.  
In this kind of data acquisition, where two parallel operations (wavelength 
sweeping and collecting the data from photodetector) take place, it is 
important to retrieve all the values from the photodetector without losing any 
data. Hence, a producer/consumer design pattern is ideal for the LabVIEW 
programming. As with the standard Master/Slave design pattern, the 
Producer/Consumer pattern is used to decouple processes that produce and 
consume data at different rates. The Producer/Consumer pattern’s parallel 
loops are broken down into two categories; those that produce data, and those 
that consume the data produced. Data queues are used to communicate data 
between loops in the Producer/Consumer design pattern. These queues offer 
the advantage of data buffering between producer and consumer loops. The 
block diagram of such a Producer/Consumer design is illustrated in figure 5.28. 
In the user interface, the FBG spectrum, the raw data and also the FBG 
spectrum using Gaussian fitted data are plotted (Figure 5.30). Three 







Figure 5.27: FBG interrogation system 
A 3mm long FBG with a central wavelength of 1538.1 nm written in the 
University of Nottingham optics laboratory was used for the testing of the 
system. This FBG was first checked using a commercial interrogator, 
SmartScope FBG interrogator from SmartFibres. The observed spectrum is 
shown in figure 5.29. Figure 5.30 shows the same FBG sensor tested using the 
developed system. The side small peak feature observed in the SmartScope was 
observed in FBG spectrum obtained using the developed system. Moreover, 
the SmartScope showed a peak wavelength of 1538.1484 nm while the 
developed system showed a peak wavelength of 1538.14 nm.  This indicates 




























   
1538.14 nm   1538.15 nm  
    
                     1538.19 nm 1538.2 nm 
Figure 5.31: Testing the FBG interrogator with a applying straining to the FBG 
sensor 
Figure 5.31 shows four images that were taken while performing a simple strain 
test. As the FBG is straining a wavelength increase was observed.  




price(£) Total (£) 
3 section tuneable laser  1 800.00 800.00 
Digital to Analog Converters - DAC 16-Bit 5-Channel 300mA 
Current Source DAC 1 33.19 33.19 
LTC1923 1923f High Efficiency Thermoelectric Cooler Controller 1 33.66 33.66 
Micro controller unit 1 20.40 20.40 
FDS100 - Si Photodiode, 10 ns Rise Time, 350 - 1100 nm, 3.6 
mm x 3.6 mm Active Area  1 11.21 11.21 
Miscellaneous    200.00 
    
   1098.46 
 
Table 5.3 includes the bill of materials for the FBG interrogator. Approximately 





5.5 Conclusion and Future Work 
Successful first steps in the implementation of a miniaturised FBG interrogator 
based on a 3 section tuneable DBR laser were accomplished. However, further 
work is still required on the hardware development and characterisation in 
order to develop a truly wearable system.  
A circuit diagram including the current drive chip, thermoelectric cooler, and 
tuneable laser including the necessary electronics was designed and illustrated 
in figure 5.32. The KiCad open source software was used for the development 
of the schematic and also for the PCB design. The KiCad generated 3D view of 
the expected PCB board is shown in figure 5.43. The size of the board is 80 mm 
x 60 mm.  
 






Figure 5.33: 3D view of the PCB design 
 
Currently, the circuit was run using the USB cable connected to the computer. 
Nevertheless, a power supply and microcontroller unit should be added to the 
PCB design.  
According to the table 5.3, the cost will be not more than £1100 and this can 
be sold with a 30% mark-up around £1400-£1450.  This is a low price for an FBG 
interrogator when compared with the commercial products available in the 
market that cost £3000 or upwards (Table 5.1). 
One main aspect should be considered when designing the power supply is 
considering the devices using 5 V power and the devices using 3.3 V separately.  
Some of the commercial microcontrollers are operated at 3.3 V and some of 
them operate at 5 V. Depending on the microcontroller used the power 
regulators should be added to the circuit.  
One important matter that requires investigation before designing the power 
supply is the power consumption of the whole system.  An Arduino-Uno, when 
run by the USB cable, draws a maximum of 400 mA, but when it is run by a dc 
adapter it could draw up to maximum of 1 A. However, the current 





which means the maximum current consumption is 200 mA. Current 
consumption from the microcontroller is 50 mA. Hence the total estimated 
power for the microcontroller circuit should be 250 mA. The maximum current 
used by the current driver+ tuneable circuit obtained by the power supply is ~ 
180 mA and the TEC controller required maximum current of ~65 mA.  The total 
power consumption ~500 mA. However, there are other factors that should be 
considered like the power dissipation of the voltage regulator circuits, power 
capacity of the battery and battery discharging rate. Thus, one potential option 
is a 12 V battery to power up the circuit with a capacity of 1.2 Ah. This would 
allow to run the device for approximately two hours. Wi-Fi data communication 
would also be possible by integrating a commercially available Wi-Fi module 
such as the ESP 8266.   
Another important factor to consider is maintaining a constant output power 
of the tunable laser during its operation (Figure 5.23). In order to achieve this 
the monitoring photodiode of the tuneable laser could be used. The current 
produced in the monitoring photodiode is proportional to the output power as 
discussed in section 5.4.1.1. Hence this current from the photodiode can be 
used as a feedback signal for the laser driver circuit in order to maintain a stable 
power during its operation by changing the gain current.  This will be a future 
enhancement of the system. 
The initial steps for a potential miniature single channel FBG interrogator are 
developed for the application of FBG based contact pressure measurements as 
discussed in chapter 4. Future potential features that could be added to the 
system include WiFi data transfer and powering the system by battery for a 











Conclusions and Future Work  
6.1 Introduction 
This chapter of the thesis presents the main conclusions of the conducted 
research project and outlines future directions. This chapter also discusses the 
achievements of the objectives discussed initially in the project aims and 
objectives (Chapter 1, section 1.2). 
6.2 Summary of current research work 
There were three main objectives to achieve in this PhD research. The 
conclusion and the future work for each objective is discussed below.  
6.2.1 Miniature fibre optic pressure sensor using Fabry-Perot 
interferometer 
One of the main objectives of this research is to investigate the potential of a 
miniature fibre optic pressure sensor using Fabry-Perot interferometric 
technique for invasive medical applications. Targeted applications with the 
required specifications are included table 2.1.  Due to the biocompatiability, 
small size and flexibility, FP sensors provide an ideal sensing technique for 
invasive pressure measurements such as arterial blood pressure monitoring, 
intracranial pressure monitoring, in ophthalmology and gastroenterology 
applications. The pressure ranges from 0- 40 kPa for these applications and can 
be provided by the FP sensor.  
The sensor consists of single mode silica fibre to carry the light and a Parylene-
C pressure sensitive diaphragm. The diameter of the sensor head is 125 m. 
Nevertheless with the necessary fibre protections such as fibre jackets the 
diameter would be 250 µm. Two methods of cavity formation have been 
identified as: focused Ion beam (FIB) micromachining technique and splicing 
with a capillary tubing. Additionally, two ways of film deposition have been 





of the Parylene-C film. The second method involves enclosing the fibre tip with 
a wet film and allowing it to dry so that it attaches to the tip of the fibre. Three 
sensors have been tested using combinations of these methods. The first 
sensor was developed by using the FIB technique for cavity inscribing at the tip 
of the fibre. Then the Parylene-C film of 200 nm was attached to the tip of the 
cavity by simply launching the fibre towards the film which was supported by a 
holder.  The cavity length of the sensor is 8.7 m and diameter is 21 m as 
confirmed by the SEM measurements. The average achieved sensitivity was 
around 0.6 nm/kPa with an averaged root mean square error of 2.91 nm/kPa, 
for a pressure range of 0-70kPa. However, this method suffers from several 
limitations. The re-deposition caused by the milling process causes poor 
surface quality of the cavity (this is shown in chapter 3 figure 3.44). This then 
leads to light scattering. By using a low milling current the amount of re-
deposition can be reduced, and this could help to achieve better surface 
quality. However, there is a compromise between the cavity milling time and 
the FIB milling current as described in chapter 3. As the milling current reduces, 
the milling time increases. Therefore, the quality of the cavity could be 
achieved at the expense of cost and time required per sensor. The second 
sensor was developed by splicing a fibre capillary to a single mode fibre and 
cleaving to achieve a micro air cavity. The pressure sensitive Parylene- C 
diaphragm is attached to the tip using the same method used for the first 
sensor.  This sensor has a fibre cavity length of 26 m and a diameter of 70 m. 
The average sensitivity was 1.03 nm/kPa with an average root mean square 
error of 0.65 nm/kPa for a pressure range of 0-12 kPa range. The third sensor 
was created very similar to the second sensor, except for the film attachment 
technique.  The film was attached to the tip of the fibre by using the second 
method described.  This has an average sensitivity of 0.12 nm/kPa with an 
average root mean square error of 0.107 nm/kPa for a pressure range of 0- 18 
kPa with a cavity of diameter of 70 m and cavity length of 87 m.  
All the sensors showed hysteresis. The calculated hysteresis obtained for the 





of the measurement cycle increases, the hysteresis behaviour started to 
appear. This was supposed to be an effect of the air permeability of the 
Parylene-C as discussed in chapter 3, section 3.5.  
However the performance of the sensor is limited by the wavelength drift, 
cross sensitivity to temperature (0.084 nm/Celsius) and longer time response 
(3 seconds) to be able to use in the targeted application area.   
6.2.2 Contact pressure sensing using optical fibre Bragg gratings 
Contact pressure measurement is an important aspect in healthcare 
applications in areas such as pressure ulcers, compression bandage therapy 
and prosthetics. Due to their flexibility, small sizes, and biocompatibility, FBG 
sensors are an attractive solution for contact pressure measurement in 
healthcare. Advantages of FBGs are extensively discussed in chapter 2, section 
2.5.5. A successful mathematical model for a highly sensitive FBG contact 
pressure sensor was developed using finite element analysis (FEA) and transfer 
matrix technique.  This model uses two software packages: ABAQUS CAE FEA 
tool for the stress/strain simulation due to the pressure applied and MATLAB 
to simulate the FBG response due to the stress/strain experienced by the FBG. 
The developed mathematical model is able to identify birefringence of the fibre 
that may undergo during transverse pressure loadings. The simulated results 
were verified experimentally and compared to the previously published  
research in the literature [141], [175], [217].  This mathematical model is useful 
in engineering the sensor, for optimisation of the designing parameters. The 
mathematical model was also validated experimentally using an in-house built 
experimental setup (described in chapter 4, section 4.5.1) for a 3mm long FBG 
embedded centrally in a 6mm x 6mm x 1mm polymer cuboid patch and the 
Young’s modulus of 143MPa. The experimentally obtained sensitivity of the 
sensor was 0.595 nm/MPa and the simulated results achieved a sensitivity of 
0.565 nm/MPa. These results show very good agreement between the 
mathematical model and the experimentally obtained results. When 





the patch. This is because, the maximum strain transfer, from the patch to the 
FBG occurs at the horizontal centre of the patch.  This was observed throughout 
all the simulated strain results of the sensor. Not only the position; the strain 
transferred from the polymer bonded to the FBG is affected by many 
parameters such as the thickness of the polymer, material properties of the 
polymer, bonding length and the number of layers. Simulations were used to 
obtain the maximum sensitivity based on optimising the shape, size, and Yong’s 
modulus of the patch. Three different shapes were simulated, a cuboid (6mm 
x 6mm x 1mm), a quasi-rectangular shape (6mm x 3mm x 1mm), and a disc 
(6mm diameter, 1mm thickness). During these simulations the Young’s 
modulus of the polymer was kept as 143 MPa. The sensitivities achieved for 
each shape are 0.5651 nm/MPa, 0.4962 nm/MPa, and 0.6226nm/MPa, 
respectively. The highest sensitivity was achieved for the disc shape and this 
may be due to the radial symmetry of the disc and hence the radial stresses 
contribute towards the axial strain experienced by the FBG. The next sets of 
simulations were conducted to optimise the size of the disc shape. The 
optimum diameter achieved was 5.5 mm for a Young’s modulus of 143 MPa 
resulting in a sensitivity of 0.6244 nm/MPa. The deformation of the polymer 
layer due to the transverse load produced reaction forces on the fibre and 
hence produced longitudinal stresses. This reaction forces increase with the 
increase of the diameter of the polymer layer as the bonded length increases. 
When the diameter is less than 5.5mm the reaction forces are dominant when 
compared to the increase in area of the layer, and hence, the net longitudinal 
stress increases. Above the optimum diameter (5.5 mm) the area increase due 
to the increase of diameter is dominant when compared to the reaction forces 
and hence the stresses and the net longitudinal strain starts to reduce. The 
effect of the Young’s modulus on the sensitivity of the FBG was investigated. 
For this purpose, three different commercially available polymer material 
properties were used. The values of the Young’s modulus values are 143 MPa, 
44 MPa and 20 MPa respectively. The obtained sensitivities for each Young’s 
modulus values are 0.6244 nm/MPa, 0.7862 nm/MPa, and 0.8719 nm/MPa 





sensitivity of 0.8719 nm/MPa was obtained for the Young’s modulus of 20 MPa. 
As the Young’s modulus of the material decreases the polymer becomes more 
deformable and hence the reaction forces applied on the fibre are greater. As 
a result of the longitudinal strain increases, the Bragg wavelength shift is 
greater for the same pressure load, when compared to a higher Young’s 
modulus (less deformable) of polymer. Therefore, the wavelength sensitivity to 
the transverse load increases. According to the simulation results, the pressure 
sensitivity of a bare FBG (~ 3x10-3 nm/MPa) can be increased ~270 times 
(0.8179 nm/MPa) by selecting an FBG of 3 mm length, embedding it at the 
horizontal centre of a polymer layer of Young’s modulus of 20 MPa, in the 
shape of a circular disc with a diameter 5.5 mm and thickness of 1 mm.  
Birefringence effects with peak splitting along fast axis  and slow axis were 
observed for the 5.5 mm diameter patch with a Young’s modulus of 20MPa 
after 2.6 MPa, whereas for the 6mm x 6mm x 1mm with a Young’s modulus 
143MPa after 3.75MPa.  As discussed in chapter 2, section 2.5.4, birefringence 
effect starts to appear as a result of the splitting of the refraction index along 
the fast and slow axes after the pressure mentioned above.  
6.2.3 Towards miniaturised FBG interrogator 
Although FBGs are an ideal candidate for contact pressure sensing in 
healthcare, its use is limited by the size and the cost of the FBG techniques 
available commercially. For the highly sensitive FBG contact pressure sensor 
described above, it is very important to have a compact FBG interrogator. A 
successful initial step towards a compact FBG interrogator in healthcare 
applications was achieved using a three section DBR tuneable laser, 
wavelength swept FBG demodulation technique.  As a part of the research, an 
automated compact current calibration and measurement system for the three 
sectional tunable laser with a LabVIEW interface, was developed using the 
Arduino development environment. The wavelength stability due to the 
current stability of the system was investigated. The wavelength stability was 
tested and resulted in a standard deviation of ~0.01pm. The FBG interrogator 





Three wavelength scanning resolutions were achieved by obtaining three 
current lookup tables for each resolution values at 1 nm, 0.1 nm and 0.01 nm.  
The developed FBG interrogator was tested with an FBG sensor prepared at the 
University laboratory and compared the spectrum with the commercial 
SmartScope FBG interrogator. The spectrum of both system results in the same 
FBG peak wavelengths. However further characterisation and experimental 
tests needed to be done to evaluate the performance of the FBG interrogator. 
A circuit diagram including the current drive chip, thermoelectric cooler, and 
tuneable laser including the necessary electronics was designed and illustrated 
in figure 5.42. KiCad open source was used for the development of the electric 
schematic and for the PCB.  KiCad generated 3D view of the expected PCB board 
as shown in figure 5.43. The size of the board is 80 mm x 60 mm.  According to 
the table 5.3, the cost will be not more than £1100 and this can be sell with a 
30% mark-up around £1400-£1450.   
6.3 Future work 
Overall, a miniature fibre-optic Fabry- Perot pressure sensor for invasive 
medical applications has been investigated and developed.  However, to 
achieve its full potential a few gaps needed to be addressed. These gaps and 
the future work are identified below.  The sensor fabrication method is very 
promising and yet the air permeability observed in Parylene-C should be 
addressed in order to eliminate the air leakage to the sensor and hence the 
hysteresis over the long-time measurements. This is an important factor for the 
application in invasive pressure measurements, where the measurement could 
be air, blood or other fluid. According to Choudhury R. et al. [274] a material 
that is permeable to air is usually permeable to water, in either the vapour or 
the liquid phase. Gas permeability is given in the reference [200]. As the 
thickness of the membrane increases the amount of gas leak decreases. 
Therefore, a thicker film will decrease the air leaking through the film. 
However, thicker film will decrease the sensitivity significantly (chapter 2, 
equation 2.34). To make the sensor impermeable to air or any liquid, protective 





films may be metalized by vacuum sputtering or other techniques [203]. Also 
the techniques used by the food packaging industry to make the food 
packaging air impermeable could be adopted such as deposition of silicon oxide 
and other ceramics, or nanocomposites on polymer films [204]. Another great 
way to address the air permeability is to make the film thicker.  Moreover, 
temperature sensitivity is an interfering parameter and hence this fact should 
be considered while taking measurements. This can be done by allowing time 
for the sensor to become thermally stable before making any pressure 
measurement. However, in a temperature dynamic changing system this 
measuring pressure is quite challenging. Introducing two cascade cavities using 
the same techniques described above, temperature can be compensated [207], 
[208]. With these future enhancements a successful miniature Fabry-Perot 
fibre optic pressure sensor could be obtained for the invasive medical 
applications as it was expected in the objective.  
A successful mathematical model has been developed for a highly sensitive FBG 
contact pressure.  As future improvement to the model it can be suggested to 
investigate the effect of the thickness of the polymer layer to the model.  
Moreover, it is also important to look for the artefact that may result during 
sensor manufacturing process such as bending or straining which may lead to 
reduce/increase the sensitivity. The mathematical model was experimentally 
validated for hard contacts. This may be very much likely to occur in an 
application such as prosthetics where the interface pressure is measured 
between stump and the prosthetic socket.  However, in applications such as 
compression therapy, sensors will be deployed in a more complex environment 
than this. The sensor may sit in between skin and the compression bandage, or 
it may sit in between two layers of bandage.  However, for future work it is 
important to validate in a complex environment to optimise the model and 
increase its robustness.  
The proposed PCB design which includes the required circuitry of tunable laser, 
current driver IC, and the TEC controller IC has dimensions of 8 cm x 6 cm. 





further work should be carried out in hardware development. The power 
supply design, microcontroller unit, and the power stabilisation circuitry should 
be added in order to achieve the initial objectives. It is important to test the 
power consumption of the whole system.  When Arduino-Uno runs, the USB 
cable draws maximum of 400 mA and when it is run by a DC adapter, it can 
draw up to max of 1 A. However, the current draw per digital I/O pin is 40 mA. 
5 pins are used during the operation which means the maximum current draw 
is 200 mA. Current draw from the microcontroller is 50 mA. Hence, the total 
estimated power for the microcontroller circuit should be 250 mA. The 
maximum current used by the current driver as well as the tuneable laser circuit 
obtained by the power supply is ~ 180 mA and the TEC controller required 
maximum current of ~65mA.  Therefore, the total power consumption 
~500mA. However, there are other factors that should be considered like the 
power dissipation of the voltage regulator circuits, power capacity of the 
battery, and battery discharging rate. Therefore, a potential solution is to use 
a 12 V battery to power up the circuit with a capacity of 1.2 Ah would allow to 
run the device approximately for two hours. Wi-Fi data communication would 
also be possible by integrating a commercially available Wi-Fi module such as 
ESP8266. Another important enhancement to the interrogator is to remove 
output power fluctuations by using the monitoring photodiode of the tuneable 
laser diode module. The current produced in the monitoring photodiode is 
analogue to the output power. This means the current from the photodiode 
can be used as a feedback source of the laser driver circuit in order to maintain 
a stable power during its operation by changing the gain current.  By addressing 
all the suggestions described above, a compact, lightweight, standalone FBG 
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Appendix A: Transfer matrix matlab code 
clear 
clc 
neff= 1.482;%effective refractive index 
L=3e-3; %length of Fbg 
dn=1.2e-4;%peak value of the dc effective index of refraction 
change 
lambda_D=1550e-9; %Designed Bragg wavelength 
  
res=1500;%wavelength resolution 
lambda=1e-9*linspace(1540,1560,res);%spectrum with resolution 
given in res 
nom_per=lambda_D./(2*neff); 
  
sr=600; %number of sections 
















ame, '%f %f %f %f %f %f %f','delimiter', ',', 'headerlines', 
3);%ignore the first 3 lines 
strainx=strain1(302:501); 













     
    k=pi*dn/lambda_D;%coupling coefficient 
  
delta1=2*neff*pi*(1./lambda-1./lambda_D) + 0*2*pi*dn./lambda; 




f11(j,1)=(cosh(q1(j)*L))-1i*delta1 (j)/q1(j)*sinh(q1(j)*L);   
f12(j,1)=-(1i*k/q1(j)*sinh(q1(j)*L));  
f21(j,1)=(1i*k/q1(j)*sinh(q1(j)*L));   
f22(j,1)=(cosh(q1(j)*L)+1i*delta1 (j)/q1(j)*sinh(q1(j)*L));  











for r=1:res  
     
for n=1:sr 
     
    tempwave(n)= lambda_D*(1+(1-pe)*M); 
  
 %calculation of bragg period per section 
gratingperiod(n)= tempwave(n)/ (2* neff); 
  












%self coupling coefficient per section 
deltax(n)=(2*(neffx(n))*pi*((1./lambda(r))-
1./(2*neffx(n)*gratingperiod(n))))+ (2*pi*dn./lambda(r)); 
%differential propagation constant 
deltay(n)=(2*(neffy(n))*pi*(1./lambda(r)-



















(n)/q(r,n))*sinh(q(r,n)*l_i)));   
% f12(r,n)=-(i*(k(n)/q(r,n))*sinh(q(r,n)*l_i));  





(i*(deltax(n)/qx(r,n))*sinh(qx(r,n)*l_i)));   
f12x(r,n)=-(i*(k/qx(r,n))*sinh(qx(r,n)*l_i));  





(i*(deltay(n)/qy(r,n))*sinh(qy(r,n)*l_i)));   
f12y(r,n)=-(i*(k/qy(r,n))*sinh(qy(r,n)*l_i));  





     
F1x=[f11x(r,n) f12x(r,n);f21x(r,n) f22x(r,n)]; 
f1x=F1x; 
F1y=[f11y(r,n) f12y(r,n);f21y(r,n) f22y(r,n)];  
else     
Fnewx=[f11x(r,n) f12x(r,n);f21x(r,n) f22x(r,n)];     
F1x=Fnewx*F1x; 





















 plot(lambda* 1000000000,R2x) 













Appendix B: Data sheet of tunable laser 
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